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Chapter 1
Introduction
1.1 Background of This Dissertation
1.1.1 Importance of Thermal Sensation
Currently, the techniques for reproducing audiovisual information are widely used. For example,
recorded sounds are possible to be played by speaker and images can be shown on display. These
techniques help the development of network technologies. Among them, treating the information on
tactile sensation is researched. It is thought that realizing the rendering and the transmission of tactile
sensation is beneficial for many cases such as remote medicine and multimedia tools. There are many
studies about a haptic interface. The linear actuator was developed to reproduce haptic information
[1]. Assistive robot to support the movement of sit and stand was also developed [2]. The study [3]
focused on a time delay of contact information, and the method improves the safety of remote operation
with communication delay. The literature [4] constructed low-cost motion control system using Micro
Electro Mechanical Systems (MEMS). The motion control method using electric stimulation was also
studied [5]. Besides, the study about shaking hands between robot and human was proposed [6]. There
are several elements of tactile sensation [7]. For example, force sensation, thermal sensation and surface
touch are one of the tactile sensations. A lot of schemes [8]–[14] are proposed as elements of force and
surface touch.
An interaction between humans and robots should be considered to develop human support systems
using haptic technology. This dissertation focuses on the technique of rendering thermal sensation that is
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an essential element of the haptics for touching human and machines each other. The thermal technique
is required in the case of offering a sense of security and sharing a precise hand with thermal sensations
between remote places such as nursing care and rehabilitation robot. By using the thermal technique, a
medical robot can assist nurses in providing patients with warmth and coziness and can render a detailed
sensation such as hot/cold sensations for a doctor. Besides, the technique is expected to remote palpation
that doctors check the patients in remote locations. In addition, rendering thermal sensations are thought
to be beneficial in multimedia and communication fields. Haptic broadcasting can be realized by inte-
grating thermal techniques with other systems because thermal sensation help to obtain information of
an object accurately.
1.1.2 Resolution of Human Thermal Sensation
Humans have hot spots and cold spots for feeling hot sensation and cold sensation in their hands
[15, 16]. The spatial resolution of hot spots is about 25 mm, and that of cold spots is about 2-10 mm
[17]. There are some studies for researching the temporal resolution and temperature resolution. The
literature [18] shows that the temperature of feeling cool is lower than 29 C, and temperature of feeling
hot is higher than 37 C. The thermal sensation changes by some physical parameters of material as well
as changing rate (2.1 C/s) [19, 20]. Besides, it is known that thermal sensation is related to the thermal
effusivity. The study shows that temperature change of human finger changes depending on the thermal
effusivity of the contact material [21]. The model of contact temperature was derived from the ratio of
the thermal effusivity [22].
Human thermal sensation is related to spatial thermal information. For example, smaller temperature
differences can be detected by extending the area of rendering thermal sensation [23]. The studies [24]
shows a thermal sensitivity of fingertip changes depending on a thermal distribution. In addition, notice-
able temperature difference changes from patterns of thermal displays [25]. The literature [26] analyzed
the relationship between heated space and time duration of imposing heat sources. Other studies [27]
also analyzed a human body perception of coolness at changing temperatures from multiple dynamically
located heat sources.
Furthermore, some thermal stimuli create a false sensation. For instance, a phantom sensation is
generated from thermal stimuli [28]. When other fingers contact warm material, the middle side of a
finger feels warm [29, 30]. Besides, the illusion of heat burning occurs in the case of contact both hot
and cold objects [31, 32]. Therefore, spatial thermal information is related to human thermal sensation
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and rendering area has to be extended from the point of a heat source to a surface.
1.1.3 Conventional Method of Rendering Thermal Sensation
There are many studies about rendering a thermal sensation using thermoelectric elements called
Peltier device. By applying an electrical current to the device, it generates heat flow and it can both cool
and heat. Because the Peltier device can render warm and cold sensations, this device can be used for
various purposes [33]–[37]. The response speed is fast comparing to other thermal devices, and it can be
purchased cheaply. In many studies, a thermal sensation is rendered by contacting a human finger to the
Peltier device directly. Previously, the methods about temperature control on the surface of the device
considering contact of a finger have been proposed [38, 39]. For example, the methods of temperature
control based on modeling human finger [40] and considering the quality of the material [41] have been
reported. The literature [42] proposed the method to induce apparent movement by a cold sensation.
The heat flow control has also been researched [43]. Meanwhile, a heat disturbance observer (HDOB)
was proposed [44] that can control temperature with suppressing disturbance heat flow derived from a
disturbance observer [45]–[47]. Moreover, thermal conductance control [48, 49] was proposed by using
the characteristics of the relationship between temperature and heat flow. Besides, both temperature and
heat flow are controlled [50, 51]. In particular, a method of controlling both of them in the same time
utilizing heat inflow observer (HIOB) was proposed [52, 53]. By using the observer, the methods of
impedance control and heat bilateral control were proposed [54, 55].
In addition, there are some studies about rendering thermal sensation using a heat exchanger [56]. The
methods for reproducing both force and thermal sensations simultaneously have also been researched
[57, 58]. The literature [59] developed a force and thermal sensing skin. Moreover, the wearable device
for rendering force and thermal sensations was developed [60]. These methods can transmit the thermal
sensation on the fingertip.
1.1.4 Characteristics of Peltier Device
Many studies utilize a Peltier device to render a thermal sensation. Humans get thermal information
based on temperature and heat flow, and many control methods have been studied.
As for the health care system, a Peltier device is not only used for controlling but also monitoring ob-
jects. The literature [61] developed an interface in which some multiple sensors such as lactate, glucose,
and temperature sensors are mounted. in which some The flexible thermal devices for health monitoring
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were developed that can obtain information about a physical condition [62, 63]. Furthermore, the flex-
ible thermoelectric element for sensing materials was developed [64]. These thermal devices were also
developed to generate electricity from the body temperature [65, 66].
A Peltier device is composed of a metal and semiconductor, and there are three kinds of thermal re-
sistances; a phonon boundary resistance (semiconductor), an electric boundary resistance (metal), and
mixed boundary resistance (between semiconductor and metal). These resistances are changed depend-
ing on the temperature or potential difference of the device, and a Peltier device has a nonlinear charac-
teristics [67]-[69].
However, most of the studies use the device as a linear system. In other words, these methods do not
consider that an amount of heat flow generated from the device varies with a value of applying current.
There are some conventional methods that a heat flow generated from the device is treated as a quadratic
equation of temperature [70]-[72]. The model of these methods are close to an actual device; however,
change of characteristics has to be considered.
1.1.5 Lumped and Distributed Parameter Models
There are two ways of modeling heat conduction; a lumped parameter model and a distributed pa-
rameter model. Most studies describe heat conduction as a lumped parameter model. These methods
simplify the behavior of heat conduction, and it is difficult to express the detail temperature distribution
of the system. When these methods are combined with force sensation, the thermal sensation only for
a tip of a finger is reproduced. Then, spreading multiple thermal devices is required to reproduce tem-
perature distribution for delicate thermal sensation. In this case, a spatial rendering resolution is limited
because of a boundary between these devices and the size of it. In response to this, temperature different
from place to place has to be considered. In order to render temperature distribution, a method of spread-
ing some Peltier devices has been researched [73]. There is research about considering heat conduction
through an aluminum plate [74]. These methods model the system by dividing into some parts and have
limitations of the fineness of rendering.
To extend the rendering area, multiple heat sources or actuators are needed to spread on a surface.
Actuator arrays, that employ a lot of actuators, are widely used for transportation of objects or shaping a
surface roughness by controlling actuators cooperatively. For example, magic carpet spreading multiple
actuators was developed [75]. Multiple actuators are used for spatial haptic motion [76,77]. Furthermore,
the motion reproduction using multiple actuators have been examined with haptic information [78] for
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the field of virtual reality. There are some studies for controlling multiple actuators using modal space
[79, 80]. In particular, thermal displays that consist of multiple heat sources spread over a surface have
been developed for many years. The study [81] developed thermal display by spreading some Peltier
devices. In addition, the dynamic thermal displays using 4-channels and 12-channels for creating a
continuous cooling sensation without changing the average temperature is proposed [82]. However,
there is a limit for the allocation of the devices because of hardware problems.
On the other hand, a distributed parameter system is mainly used for analyzing a temperature distri-
bution. The literature [83] analyzes a temperature distribution of metallic powder using finite element
analysis (FEA). Distributed Kalman filter is used for monitoring thermal dynamics [84], and monitoring
methods for heat leakage and heat sink were proposed [85]. The methods for monitoring a heat leakage
are also proposed [86, 87]. There is a study for analyzing frequency responses of pneumatic nozzle flap-
per [88]. Besides, stochastic modeling method of thermal diffusion by using random walk algorithm [89]
was proposed. As mentioned above, there are many studies about monitoring and analyzing of tempera-
ture distribution, and fewer researches consider the use of the distributed parameter system for modeling
and constructing controller. As for vibration-suppression fields, wave equation is used for modeling as
a distributed parameter model [90]-[92]. There are some control methods in which thermal system is
modeled using a thermal diffusion equation [93]-[96]. Most of these studies treat the heat phenomenon
as an integrator and time delay element using an approximation. Fractional order calculus methods
have been proposed and used for modeling heat conduction [97]-[99]. The literature [100] discussed an
inverse model of heat conduction using a fractional order integrator. The control method using thermal
parameter and a fractional order integrator instead of fractional exponential function was proposed [101].
As described above, two ways of modeling methods are used for heat conduction. The dissertation
discusses these two modeling methods for control based on spatial information of heat conduction.
1.2 Motivation of This Dissertation
Focusing on a technique for interaction between human and robot, the case of multiple contact points
between objects has to be considered. This research focuses on a technique for rendering thermal sensa-
tion for promoting interaction between human and robot. There are many studies of controlling a Peltier
device for rendering thermal sensation. However, most of these methods model the thermal system based
on a lumped parameter system and do not consider a temporal and spatial thermal distribution on the sys-
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tem that is one of the thermal characteristics. Thus, the control performance is decided to depend on the
number of heat sources, and there is a limitation of improving the functionality of the thermal device
that is a variety of rendering a thermal sensation. Therefore, this thesis extended the thermal system in
which a heat conduction material is used by considering spatial information and the Peltier device that is
attached to it and constructed the heat conduction system. The motivation of this dissertation is the estab-
lishment of modeling and control theory based on spatial information for improving the functionality of
the thermal system using a limited number of heat sources. In this dissertation, the way of treating spatial
information is considered by using a heat conduction system in terms of both a lumped and distributed
parameter systems. Then, “spatially controlled thermal conductance (SC)” that is a control index for
changing a virtual thermal conductance depending on location is defined. By using the index, thermal
responses at contact point can be changed depending on SC and thermal sensation contacting a different
material can be rendered at any point of the system by using the same material. Thus, the functionality
of the thermal system can be improved by extending the rendering area from a point to a surface. This
means various sensations can be presented by using a limited number of heat sources and materials, and
it is useful when the technique is applied for practical situations. The proposed theory includes the com-
monality of many control systems, although the dissertation mainly treats heat conduction system as a
control target.
1.3 Overview of This Dissertation
The dissertation proposed the spatially controlled thermal conductance as a basic control theory for
enhancing the functionality of the thermal interface. Therefore, the dissertation focuses on the verifica-
tion of the tendency of temperature responses of the proposed method, and steady state of temperature
responses is mainly discussed. The overview of this dissertation is shown in Fig. 1-1. For putting the
proposed method to practical use, it has to be followed some steps. As for control system (software),
the method has to improve the thermal model and control system by considering parameter variation, an
effect of external air, and extending to multi-degree-of-freedom, etc. As for the device (hardware), the
experimental setup for verifying the validity of the proposed method should be improved. The experi-
mental setup in this dissertation is the fundamental one which consists of Peltier device that is commer-
cially available and metal plate/wire. Therefore, there are still some issues in the experimental setup. For
example, there is a limitation of the amount of current that can be applied to the Peltier device because
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Fig. 1-1: Overview of this dissertation.
of the capacity of power supplies (the maximum current that can be supplied is 2 A in this experimental
setup). Moreover, contact resistances of thermocouples and heat radiation have to be considered. The
technique should also consider the location and number of heat sources. Besides, it is needed to be veri-
fied by using a flexible/soft interface. Even though the response speed is not enough for applying to the
interface of rendering thermal sensation as it is, the dissertation makes it possible to reproduce various
thermal sensation with limited heat sources, and it can be the basic technique using heat conduction
system. The experimental setup used in this dissertation is enough to verify the validity of the proposed
method.
1.4 Chapter Organization of This Dissertation
Fig. 1-2 shows the chapter organization of this dissertation. First of all, modeling theory of heat
conduction is explained in Chapter 2. Spatially controlled thermal conductance (SC) as a novelty index is
defined and the way of dividing lumped and distributed parameter models is revealed based on the index.
Chapter 3 shows the modeling and control method of a one-degree-of-freedom heat conduction system
using SC. In the first half of Chapter 3, the heat conduction system is treated as three-capacitance system
and control system is constructed based on a lumped parameter system. The model using a thermal
diffusion equation is proposed in the second half of Chapter 3, and the control system is constructed
based on a distributed parameter system. The modeling and control method is a core technique in this
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dissertation. Both methods are compared at the end of the chapter. Chapter 4 shows the modeling and
control method of a two-degree-of-freedom heat conduction system using SC. In the first half of Chapter
4, the heat conduction system is treated as three-capacitance system and control system is constructed.
The model using a thermal diffusion equation is proposed and the control system is constructed in the
second half of Chapter 4. In Chapter 5, modeling and control method of a multi-degree-of-freedom heat
conduction system is explained. First of this chapter treats the case in which thermal interference does
not occur. Then, the method for considering thermal interference is discussed. The method explained
in Chapter 3 is applied to multiple-dimensional heat conduction system, and temperature distribution on
the surface of the thermal interface is modeled and controlled. The finger stall using a copper plate and
four Peltier devices is developed and some experiments are conducted to verify the proposed method.
Finally, this dissertation is concluded in Chapter 6.
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Chapter 1
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Fig. 1-2: Chapters constructed in this dissertation.
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Chapter 2
Spatially Controlled Thermal
Conductance
2.1 Introduction
Heat conduction has spatial and temporal information. The meaning of spatial information is different
between lumped and distributed parameter systems. In this chapter, the novelty index is defined to
separate both modeling methods based on spatial information, and characteristics of these methods are
discussed. Based on the index, these modeling methods are used depending on the different situations,
and some experiments are conducted after Chapter 3.
2.2 Definition of Technical Words in This Dissertation
The technical words used this dissertation are shown in Table 2.1.
2.3 Definition of Heat Conduction System in This Dissertation
2.3.1 Definition of Heat Conduction System
In this dissertation, heat conduction is treated as a control system that has thermal dynamics with
temporal and spatial changing. The heat conduction system consists of material such as a metal wire and
a metal plate and heat sources. The Peltier devices are used as heat sources in this dissertation, and these
are attached to the end of the material. The control points are located on the material by attaching some
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thermocouples to the material. There are some preconditions for modeling. As for heat conduction on
the material,
 The law of the conservation of energy (first law of thermodynamics) is established.
 The Fourier’s law (second law of thermodynamics) is established.
 Radiation of heat is not considered.
 Thermal parameter of heat conduction is uniform.
In Chapter 3, one point of the material was controlled by controlling a Peltier device. Two Peltier
devices are attached to both ends of the metal wire in Chapter 4. In Chapter 5, multiple Peltier devices
are controlled. The end of the chapter, four Peltier devices are attached on a copper plate and four
points on the plate are controlled. These heat conduction systems are modeled and controlled based on a
lumped and distributed parameter systems. The chapters are organized by dividing the case of one, two,
multi-degree-of-freedom heat conduction.
2.3.2 Expression Methods of Heat Conduction System
Heat conduction phenomena can be expressed by using some different systems. First of all, one-
dimensional heat conduction shown in Fig. 2-1 can be described as a mechanical system shown in Fig.
2-2. Here, D, m, _x, a, and N stand for damper, mass, velocity change, a distance between mass, and
the number of mass, respectively. The heat source in Fig. 2-1 is replaced by an input motor, and heat
Table 2.1: Definition of technical words in this dissertation
Technical word Description
Distributed parameter model Model using distributed parameter
Distributed parameter system Control system using a distributed parameter model
Lumped parameter model Model using lumped parameter
Lumped parameter system Control system using a lumped parameter model
HDOB Heat disturbance observer
HIOB Heat inflow observer
Node A point in a thermal network method at each thermal capacitance
Disturbance Elements except for a model of heat conduction system
Disturbance heat inflow Heat flow entered by touching with a finger
Control stiffness Control index about influence of disturbance
SC Spatially controlled thermal conductance
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Heat conduction
Fig. 2-1: Heat conduction phenomena.
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Fig. 2-2: Modeling heat conduction as a mechanical system.
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Fig. 2-3: Modeling heat conduction as an electric system.
conduction phenomenon is shown as a velocity change of mass with damper. Second, heat conduction
is expressed as an electric system shown in Fig. 2-3. Here, T , q, C, and R stand for heat flow, tem-
perature, thermal capacity, and thermal resistance, respectively. The way of modeling for the thermal
system using an electric circuit is called thermal network method [102, 103]. In the thermal network
method, temperature, heat flow, thermal capacitance, and thermal resistance are considered as a voltage,
an electric current, an electrical capacitance, and an electrical resistance, respectively. It is said that the
states of heat conduction can be represented by using an electric circuit. In this dissertation, the thermal
network method is mainly used, and the model is extended to lumped and distributed parameter systems.
It is easy to treat thermal phenomenon by using the thermal network method, and the method is used in
this dissertation.
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Fig. 2-4: The novelty point of this dissertation.
Controlling heat sources separately
Controlling heat sources
considering heat conduction
Control point
Control surface
Fig. 2-5: Two ways of controlling heat sources.
2.4 Spatial Information of Heat Conduction
2.4.1 Novelty Point of This Dissertation
Fig. 2-4 shows the novelty point of this dissertation. Most studies about rendering thermal sensa-
tion treat one heat source as a contacting point and the control system includes temporal temperature
information. On the other hand, the dissertation extends the rendering area to the surface and adds the
spatial information of contacting points to the control system of the thermal system. The merit of the
proposed concept is shown in Fig. 2-5. As for controlling heat sources separately, only the point at the
heat source can be controlled. Therefore, the control performance is decided to depend on the number
of heat sources. As for controlling heat sources considering heat conduction, rendering area can be ex-
tended and a variety of rendering expression can be increased using a limited number of heat sources.
The idea of this dissertation is expected to be an effective breakthrough in the technique for rendering
thermal sensation.
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Fig. 2-6: Definition of spatially controlled thermal conductance (SC).
2.4.2 Spatially Controlled Thermal Conductance (SC)
In this dissertation, spatially controlled thermal conductance (SC) is defined as
SC =
q
Tx
(2.1)
=
G
x
; (2.2)
where q, T , x, and G stand for heat flow, temperature, size of one node, and thermal conductance,
respectively. The concept figure of SC is shown in Fig. 2-6. SC defined sensitivity to a disturbance heat
flow that enters from a human finger in each contact position. By using SC, sensitivity to a disturbance
heat flow changes as
 When heat flow control is conducted (q ! 0),
SC ! 0 (2.3)
 When temperature control is conducted (T ! 0),
SC !1 (2.4)
 When size of one node closes to 0 (x! 0),
SC !1: (2.5)
Therefore, intermediate control between temperature and heat flow can be conducted by using SC. Fig.
2-7 shows the relationship between SC and size of a node. When SC becomes1, temperature control is
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Fig. 2-7: Relationship between SC and size of a node.
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Fig. 2-8: Lumped and distributed parameter models in different situations.
conducted and disturbance heat flow is rejected. On the other hand, heat flow control is conducted when
SC becomes 0 and disturbance heat flow is taken into a control system. As for the size of a node, the
heat conduction material becomes uniform when x closes to 0. This means that control stiffness becomes
high when a distributed parameter model is used. In the case of using a lumped parameter model, the
size of the node becomes large and spatially controlled thermal conductance can be set free from 0 to1.
2.4.3 The Way of Treating Spatial Information Based on SC
Setting a limited number of nodes based on a thermal network method, the model is called as a
lumped parameter model. In the case of the number of nodes N close to infinity, the model is called
as a distributed parameter model. Heat conducts on a material temporally and spatially, and the models
have temporal and spatial information in both cases. Most conventional studies consider only temporal
information, and the way of treating spatial information is discussed in this section. As for a lumped
parameter system, spatial information appears as the number and value of thermal capacitances and
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thermal resistances. Thus, the spatial information can be divided into some elements of heat conduction
material. This means x has a certain value and SC can be set depending on a ratio between temperature
control and heat flow control. As for a distributed parameter system, damping element and propagation
delay of the heat conduction system are related to spatial information. In this case, the spatial information
appears as a physical property of a uniform material. Here, x closes to 0 and SC becomes 1. The
details using some equations are mentioned in the next section. Summarizing the above, the lumped
parameter model and the distributed parameter model are useful in different situations as follows.
 A lumped parameter model is suitable to control and change responses of a part of the heat con-
duction system.
– SC becomes to1.
– Example: the case of treating heat flow from a finger as a system input and taking into the
control system.
 A distributed parameter model is suitable to use control whole of the heat conduction system with
uniform thermal parameters.
– SC becomes to 0.
– Example: the case of treating heat flow from a finger as a disturbance and reducing it.
The concept figure mentioned above is shown in Fig. 2-8. When a finger touches the heat conduction
system, disturbance heat flow can be treated as a single input using a lumped parameter system. In such
a case, a lumped parameter system is useful because a node can be set freely in the position of a control
point. Besides, it is possible to change the thermal response at the contacting point by one virtual thermal
conductance. When disturbance heat flow is modeled by a distributed parameter model, spacial factors
of the heat flow have to be considered and the system becomes a complicated structure. On the other
hand, the control system using the distributed parameter system can be described as a simple delay with
damping system. In this case, heat flow from a finger is treated as a disturbance and it is rejected by
an observer. Therefore, thermal parameter involving spatial information is different in a lumped and
distributed parameter models and the advantages can be divided using SC.
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2.4.4 Relationship Between Thermal Effusivity and Thermal Sensations
In this dissertation, contact surface temperature between finger and material is controlled derived from
thermocouples attached to the heat conduction system. The contact surface temperature is related to the
thermal effusivity of the material and finger. For example, a temperature of finger goes down 4-10 C
in case of contacting the material that has high thermal conductivity such as aluminum or stainless. On
the other hand, a temperature of finger goes down 1-4 C in case of contacting the material that has
low thermal conductivity such as wool or cypress. The proposed control system changes temperature
responses virtually, and it can be possible to render the different material by using the heat conduction
system.
2.5 Summary of Chapter 2
This section discussed the modeling theory of heat conduction material. The novelty index SC was
defined to separate both modeling methods based on spatial information, and characteristics of these
methods were discussed in this chapter. As for a lumped parameter model, spatial information appears
the number and value of thermal capacitances and thermal resistances, and it is suitable to control and
change responses of a part of the heat conduction system. In this case, SC closes to 0 and control
stiffness can be set freely in each contact point. As for a distributed parameter model, damping element
and propagation delay of the heat conduction system with uniform thermal parameters are related to
spatial information. Here, SC closes to 1 and control method that has high control stiffness such as
temperature control is suitable to use in the model. Based on SC, these modeling methods are used
depending on the different situations, and some experiments are conducted after Chapter 3.
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One-Degree-of-Freedom Heat Conduction
System
3.1 Introduction
In this chapter, the one-degree-of-freedom heat conduction system is modeled based on lumped and
distributed parameter systems. As for a lumped parameter model, heat conduction material is divided
into three thermal capacitances and thermal resistances, and the control system is conducted. As for a
distributed parameter model, heat conduction material is treated as a time delay system with damping,
and control system using time delay compensator is conducted.
First, Section 3.2 explains the model base on a lumped parameter system and its control system.
Second, the model based on a distributed parameter system and its control system are introduced in
Section 3.3. Finally, both methods are compared to each other in Section 3.4.
3.2 Modeling Based on a Lumped Parameter System
3.2.1 Control Method for Peltier Device
Thermal Characteristics of Peltier Device
Before explanation about heat conduction system, a Peltier device used in this dissertation as a heat
source is explained. Fig. 3-1 shows the Peltier device, and the device is widely used in many fields.
For example, the device is used for a cooling system such as coolant of medical reagent and refrigerator.
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Fig. 3-1: Structure of a Peltier device.
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Fig. 3-2: Nonlinearity of a Peltier device.
In this dissertation, the device is used as a heat source, that the output is temperature monitored from
thermocouple attached to the device and the input is current. It is useful because generated heat from
the device called a Peltier effect can be controlled by a current and the device can be both heat source
and coolant. The thermal phenomena of the Peltier device are caused by some elements such as metal
and semiconductor. Fig. 3-2 shows three kinds of thermal resistances involved in the device; a phonon
boundary resistance, an electrical boundary resistance, and mixed boundary resistance, respectively. In
each resistance, heat is generated by applying current. These resistances are changed depending on
the temperature of the device and the Peltier device has a nonlinear characteristic. Fig. 3-3 shows
the experimental setup for thermal control of the Peltier device. The thermocouples were attached to the
device and temperature was obtained in real time. Fig. 3-4 shows the experimental results of temperature
responses of the device in case of applying current 0.5 A. From Fig. 3-4, temperature rises as the number
of trial times increasing. It is because a Joule heat and heat flow between both sides of the device are
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Thermocouples
Peltier device
Fig. 3-3: Experimental setup for verifying the characteristics of a Peltier device.
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Fig. 3-4: Experimental results of current control (0.5 A).
generated and accumulated inside of the device. Therefore, the thermal model of the Peltier device
changes depending on the situation and it is difficult to treat it as a linear system.
Modeling of the Peltier Device
Most studies use a Peltier device as a linear system; however, it has nonlinear characteristics that an
amount of the heat flow is changed depending on its temperature and its input current. The heat flow
generated from a Peltier device includes heat from a Peltier effect, a Joule heat, and heat flow inside of
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Fig. 3-6: Block diagram of the model of a Peltier device.
the device. In this section, the thermal system is modeled based on a thermal network method that a
thermal behavior is expressed as an electrical circuit. In this dissertation, the heat flow generated from a
Peltier device is expressed as
q =   (Ta + Tp) I + 1
2
ReI
2 +
1
Rp
(Tp   Tpb) ; (3.1)
where q, , Ta, I , Re, Rp, Tp, and Tpb stand for heat flow, Seebeck coefficient, ambient temperature,
current, electrical resistance, thermal resistance of a Peltier device, temperature of the front and back side
of Peltier device, respectively. Equation (3.1) shows a general model of the Peltier device. The first term
of (3.1) indicates heat generated from a Peltier effect, the second term means a Joule heat, and the third
term stands for heat interference inside of the device, respectively. In the Laplace domain, temperature
of the Peltier device (Tp) are described as
Tp =
qres
Cs
; (3.2)
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where qres, C, s stand for heat flow response of the device, thermal capacitance, and Laplace operator,
respectively. The thermal system based on a thermal network method is shown in Fig. 3-5. Here, a
disturbance heat flow qdis is defined as
qdis =
1
2
ReI
2 +
1
Rp
(Tp   Tpb) +  (Ta + Tp) Iref +CsTp; (3.3)
where superscript dis and  stand for disturbance and modeling error, respectively. The reference value
using this thermal model is calculated as
qref =  n (Ta + Tp) Iref + 1
2
RenI
ref2 +
1
Rpn
(Tp   Tpb) ; (3.4)
where superscript ref and subscript n stand for the reference value and the nominal value, respectively.
The model is made based on a general model shown in (3.1), and it is used for the observer. The response
value of heat flow can be described as
qres =  n (Ta + Tp) Iref + 1
2
RenI
ref2 +
1
Rpn
(Tp   Tpb)  qdis
= qref   qdis; (3.5)
where superscript res stands for the response value. The block diagram of a Peltier device is shown in
Fig. 3-6. As for Joule heat, the electrical resistance Re is measured and the Joule heat can be calculated
from Re and current input. As for heat flow inside of the device, the thermal resistance Rp is identified
from some preliminary experiments, and temperature at both sides of the device is obtained from two
thermocouples. From (3.4), the model of the device is changed nonlinearly depending on the temperature
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of the Peltier device Tp and current input Iref . There is a conventional method called heat disturbance
observer (HDOB) [44] that Joule heat and heat flow inside of a Peltier device is included to the distur-
bance heat flow qdis. Fig. 3-7 shows the elements that are included in the disturbance of the conventional
heat disturbance observer. By using HDOB, the Peltier device can be controlled as a linear system. In
this section, the model including a Joule heat and heat flow inside of the device is considered.
Variable Heat Disturbance Observer
In the case of temperature control, there is a disturbance heat flow such as radiation of heat, Joule heat,
external heat, etc. Therefore, such disturbance has to be rejected to conduct robust control. The HDOB
is an observer derived from a disturbance observer [45] and it can estimate the disturbance heat flow by
comparing a nominal input and output of heat flow. It can estimate the disturbance heat flow by using
the observer. In this section, the model of a Peltier device is changed depending on its temperature and
its reference value of a current to decrease the modeling error from the nonlinear thermal behavior. By
using (3.4), the disturbance heat flow can be calculated as
q^dis =
gd
s+ gd
qdis: (3.6)
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The observer proposed in this section is defined as Variable Heat Disturbance Observer (VHDOB). The
compensation current from VHDOB is calculated as
Icmp =   1
n (Ta + Tp)

q^dis   1
2
RenI
ref
a
2   1
Rpn
(Tp   Tpb)

; (3.7)
where superscript cmp denotes command value. The block diagram of the variable heat disturbance
observer is shown in Fig. 3-8. In Fig. 3-8, Irefa and gd stand for current after compensation and cut-off
frequency of a low-pass filter for VHDOB, respectively. In order to get temperature information at both
sides of a Peltier device, two thermocouples are used in the proposed method. By using this observer,
robust temperature control can be conducted against the disturbance of heat flow. The block diagram
of the whole control system is shown in Fig. 3-9. Temperature control is conducted using proportional
controller. An integral controller is not used because the observer used in the control system works in the
same way as the integral controller. To reject the disturbance heat flow, VHDOB is used and the model
of a Peltier device is changed according to temperature Tp and the reference value of the current Irefa .
Experimental Setup for Temperature Control of the Peltier Device
Fig. 3-3 shows the experimental setup in this section. The Peltier device that the side is 20 mm 
20 mm was attached on a heat sink. Two thermocouples were used for sensing both sides of the Peltier
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Table 3.1: Parameters of experiments for verifying the control system of the Peltier device.
Para. Description Value
Kp Proportional gain 1.0 (Ex. 1)
0.5, 1.0, 1.5 (Ex. 2)
Cn Nominal thermal capacitance 2.0 J/K
Rpn Nominal thermal resistance 5.0 W/K
Ren Nominal electrical resistance 4.1 

n Nominal seebeck coefficient 0.023 V/K
gd Cut-off frequency of HDOB 1.0 rad/s (Ex. 1)
0.5, 1.0, 1.5 rad/s (Ex. 2)
gp Cut-off frequency for pseudo differential 10.0 rad/s
device and attached to the center of the device using a thermal conduction sheet. The Peltier device
was controlled to  5.0 K (relative temperature). Two kinds of experiments were conducted to show that
temperature responses of responsiveness and robustness against a disturbance. In the first experiments,
the temperature responses of the proposed method were compared with a standard proportional controller
and a normal HDOB. The second experiments were conducted in case of changing a proportional gain
and a cut-off frequency of VHDOB. In the case of changing the cut-off frequency, human finger contacts
to the Peltier device after 25 s. The values of the parameter used for these experiments are shown in
Table 3.1. Here, the thermal capacitance of the Peltier device was derived from some identification tests.
In the test, the thermal resistance was calculated from the theoretical value. The electrical resistance was
measured by using digital multi-meter. The thermal response was oscillatory because of the noise caused
by the power supply. Therefore, the cut-off frequency was set to a low value such as 1.0 rad/s. The time
constants of temperature sensing can be improved by reducing noises from the thermal system especially
an AD conversion circuit. The improvement of the system will be conducted in future work.
About the Experimental Setup of This Dissertation
In the experimental setup of this dissertation, the maximum current of the Peltier device is 3.9 A.
The rated power of the power supply and electrical resistance of the electrical circuits is 25W and 20W,
respectively. The experimental setup is enough to verify the validity of the proposed method. To increase
the ability of the control system, improvement of the hardware system is needed.
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Fig. 3-10: Experimental results of temperature control comparing conventional method (Ex. 1).
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Fig. 3-11: Experimental results of temperature control with changing proportional gain (Ex. 2).
Experimental Results of Temperature Control
Fig. 3-10 shows the results of temperature control of the Peltier device to  5 K (relative temperature)
comparing to the case of using a standard proportional controller, standard HDOB, and VHDOB. In
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Fig. 3-12: Experimental results of temperature control with contact (Ex. 2).
case of standard proportional controller, there is a steady-state error caused by ambient air and external
heat flow. It is found that the thermal system receives a large influence on an external disturbance.
In comparison with the normal HDOB, time until the steady response of VHDOB was short. This is
because a modeling error is reduced by considering the nonlinear element, such as a Joule heat and a
heat flow inside of the device. The Joule heat increases with increasing the compensation current when
a finger contacts the system. The proposed method can compensate the element quickly. Fig. 3-11
shows the temperature responses of the proposed method comparing varied proportional gain. From Fig.
3-11, the response speed becomes fast as increasing the proportional gain. Fig. 3-12, the temperature
responses with contact after 25 seconds comparing varied cut-off frequency of the observer. From Fig.
3-12, response speed against a disturbance heat flow becomes fast as increasing the cut-off frequency.
Therefore, it can be said that the VHDOB effectively works. By taking a nonlinear element of the thermal
system into account to the model, a modeling error is reduced, and the control gain or cut-off frequency
can be set higher compared to the normal HDOB. From these experiments, the VHDOB is useful for
temperature control of the Peltier device.
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Effect of Modeling Error
In this section, the effect of modeling error is discussed. The main claim focuses on the effect of
thermal resistance because it is the dominant factor of instability VHDOB. It is analyzed based on a
Nyquist diagram using describing function technique. The variable observer is divided into a linear
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system and a nonlinear system, shown in Fig. 3-13. Here, H denotes the low pass filter, expressed as
H =
gd
s+ gd
: (3.8)
From Fig. 3-13, the characteristic equation is calculated as
1 + Pn(A)P (s) = 0 (3.9)
Pn(A) =   (Ta + Tp)A+ Re
2
A2 +
Tp   Tpb
Rp
(3.10)
P (s) =
C
Cn
H
1 H ; (3.11)
where A stands for an amplitude of the input signal. The nonlinear elements are effected from the
amplitude of the input, and the stability of the observer can be analyzed from the relationship between an
amplitude locus of the nonlinear element and a frequency locus of the linear element. The relationship
between Pn and P is derived as
  1
Pn(A)
= P (s): (3.12)
The relationship shown in (3.12) is expressed based on the Nyquist diagram, shown as Fig. 3-14. Here,
the modeling errors (Rn = 0:2R; 0:02R) is considered. In the analysis, the temperature difference
between both sides of a Peltier device sets to 2.0 K. From Fig. 3-14, it is found that modeling error of
the thermal resistance of a Peltier device Rp has a great effect on the stability margin of the system. The
range of the modeling errors shown in Fig. 3-14 is stable; however, the observer becomes unstable in the
case of including a large modeling error of Rp. Therefore, identification of the thermal resistance of a
Peltier device is important to use the proposed observer effectively. The stabilization method for VDOB
will be treated in the future works.
The model used for VHDOB has nonlinear elements, and it is a nonlinear system. Besides, some
thermocouples both sides of the device and measurement of electrical resistance are needed to use the
VHDOB. The main topic of this dissertation is controlling the heat conduction system, and it is enough
to treat the Peltier system as a linear system by using HDOB. Thus, HDOB is used after this section.
Summary of This Section
In this section, the variable heat disturbance observer (VHDOB) considering the nonlinear character-
istics of the Peltier device was discussed. The nonlinear elements such as Joule heat and heat flow inside
of the device are considered in the thermal model. From the method, the robustness against disturbance
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can be improved by decreasing the modeling error. Some experiments were conducted to show temper-
ature responses and robustness against the disturbance. These experimental results showed the validity
of the proposed method comparing to the standard proportional controller, normal HDOB. The main
control object is the heat conduction system, and HDOB is used after this section.
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Fig. 3-15: Control objective of virtual thermal conductance control.
3.2.2 Modeling Using Three-Thermal Capacitance System
In this section, the control method for rendering a thermal sensation of different materials on the same
plane is explained. The system consists of a copper plate and a Peltier device, and it is modeled by three
parts. Thermocouples are attached to each part of the thermal system. The Peltier device is attached to
the end of the plate, and the thermal conductance at any single part is virtually rendered. The virtual
conductance controller is realized by using the estimated heat flow and modifying the command of a
single part on the system based on the heat flow. Besides, a detection algorithm of a single contacting
part is proposed. The number of controllable parts is decided from the number of heat sources. Therefore,
a single contacting part can be controlled by using one Peltier device. The section explains the virtual
thermal conductance control with the detection method.
Control Objective and Model Selected From SC
Control objective of the proposed method explained in this section is rendering thermal sensation of
different materials in the case of contacting a point by fingertip on a copper plate. The concept figure is
shown in Fig. 3-15. In Fig. 3-15, qin, T , G, subscripts `, c, and r stand for heat inflow flowing from a
finger, relative temperature, and virtual thermal conductance, the left, center, and right part, respectively.
A Peltier device is attached to the left end of the copper plate, and thermal control of heat conduction
system is enabled by being transferred heat from the left side to the right one. The thermal system is
modeled by separating three parts and the virtual thermal conductance G is defined between a finger and
the contacting point in each part. In this case, the size of the node x is derived as
x =
L
3
; (3.13)
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where L is length of the copper plate. Therefore, SC can be set as
SC =
G
x
(3.14)
= G
3
L
: (3.15)
Thus, SC can be changed by changingG from 0 to1. The thermal sensation can be changed depending
on the contact part by detecting and reproducing the virtual conductance. This research extends G for
spatial reproducing the different thermal conductances on the same plane by detecting the position of the
single contacting part. This section mainly discusses G instead of SC.
Modeling of Thermal System
Fig. 3-16 shows the thermal model using a thermal network method, where C and R stand for the
thermal capacitance and thermal resistance, respectively. In this dissertation, a Peltier device is used as a
source. The device generates heat flow based on Peltier effect, and amount of the heat flow is derived as
q` =  TaI; (3.16)
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where , Ta, and I stand for Seebeck coefficient, ambient temperature of the device, and electric current,
respectively. The thermal equations are calculated as
T` =
1
Cs

q`   T`   Tc
R
+ qin`

(3.17)
Tc =
1
Cs

T`   Tc
R
  Tc   Tr
R
+ qinc

(3.18)
Tr =
1
Cs

Tc   Tr
R
+ qinr

; (3.19)
where s denotes a Laplace operator. The block diagram of the system used in this section is shown in Fig.
3-18. By dividing the three parts of the system, any single part in the thermal system can be controlled
by applying the appropriate electric current to the device.
Heat Disturbance Observer and Heat Inflow Observer
The heat disturbance observer (HDOB) is used to eliminate the disturbance, and a heat inflow observer
(HIOB) is used to control the virtual thermal conductance. Three kinds of disturbance heat flows are
defined based on modeling of the thermal system by dividing three parts as
qdis` =  qin` +
T`   Tc
R
(3.20)
qdisc =  qinc +
Tc   Tr
R
(3.21)
qdisr =  qinr ; (3.22)
where qdis denotes the disturbance heat flow. The observer is also constructed for each part of the
thermal system, and the block diagrams of them are shown in Fig. 3-19. Here, subscript n, gd, g and the
superscript cmp stand for nominal value, cut-off frequency of pseudo-differential, cut-off frequency of
the low-pass filter for reducing noise, and the compensation value, respectively. By using the observers,
estimated disturbance heat flows is derived as
q^dis` =
g`
s+ g`
qdis` (3.23)
q^disc =
gc
s+ gc
qdisc (3.24)
q^disr =
gr
s+ gr
qdisr ; (3.25)
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Fig. 3-18: Block diagram of thermal system for virtual thermal conductance control.
where the superscript ˆ represents the estimated value. By using the inverse model of the thermal system,
the compensation values of currents are derived as
Icmp` =  
1
nTa
q^dis` (3.26)
Icmpc =  
1
nTa
RnCn
sgd
s+ gd
q^disc (3.27)
Icmpr =  
1
nTa
RnCn
sgd
s+ gd

RnCn
sgd
s+ gd
+ 1

q^disr : (3.28)
The compensation current is added to the reference value of current for removing the disturbance heat
flow. Using the heat disturbance observer, the HIOB is constructed to obtain the information of heat flow
that flows into the thermal system. The heat inflows are estimated as
 q^in` = q^dis`  
T`   Tc
Rn
g`
s+ g`
(3.29)
 q^inc = q^disc  
Tc   Tr
Rn
gc
s+ gc
(3.30)
 q^inr = q^disr : (3.31)
The heat inflows estimated by the HIOB are used for virtual thermal conductance control explained in
next section.
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3.2.3 Virtual Thermal Conductance Control Using Three-Thermal Capacitance System
This dissertation proposes the method of rendering different virtual thermal conductances on a copper
plate. Thermal conductance means inverse of the thermal resistance such as G = 1=R. Fig. 3-20 shows
the difference between temperature and virtual thermal conductance control using equivalent electric
circuits. Here, the superscripts cmd and ref represent the command value and the reference value of
temperature, respectively. As for temperature control, the temperature command T cmd matches with its
reference value. In the ideal temperature control, the command value of temperature does not change
even when the heat flow comes into the thermal system. In this case, the equivalent thermal capaci-
tance becomes 1. As for the virtual thermal conductance control, virtual thermal conductance G is
reproduced. In the case that the disturbance does not exist, T ref equals to T cmd in the same way as
temperature control. However, T ref and T cmd do not match in case of the existence of heat flow. The
reference value of temperature in the case that the heat flow exists is calculated as
T ref = T cmd +
1
G
q^in: (3.32)
Virtual thermal conductance introduced in this section is controlled at one part by selected from the three
parts as left, center, and right part. An amount of heat flow entered in the system can be changed by
changing the virtual thermal conductance G. In other words, changing thermal sensation depending on
the contact part on the same copper plate is possible. The thermal resistance is set virtually by taking
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the heat inflow into the system, and thermal diffusivity of the contact part is changed. (3.32) means that
the value of G becomes 1 in the case that temperature control is conducted, and G becomes smaller
in the case that the heat inflow is taken more. This means that the copper plate is controlled to have a
virtual thermal conductance at the contacting part, that is different from the real physical parameter of the
copper. The block diagram of the virtual thermal conductance control is shown in Fig. 3-21. When finger
touched the left part of the copper plate, T` and q^in` are used for the controller. In the same way, set of Tc
and q^inc or Tr and q^
in
r are used when the finger touches with the center or right part, respectively. HDOB
removes disturbance factors such as unnecessary heat flows in the control system. Then, the amount of
the heat flow taking into the thermal system is decided by the value of G using the estimated heat inflow
obtained from HIOB. The reference of temperature is modulated by the virtual thermal conductance
controller.
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Fig. 3-21: Block diagram of the virtual thermal conductance control with three-capacitance system.
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Fig. 3-22: Simulation results of the virtual thermal conductance control.
3.2.4 The Way to Decide The Parameter of G
The parameter of virtual thermal conductance can be set freely. According to the literature [21], the
temperature of fingertip falls about 4 to 8 C when the finger contacts an aluminum and it falls about 1 to
4 C when the finger contacts wood. It means that heat inflow from the finger enters the contact material,
and temperature of the material increases after contacting. Therefore, thermal sensation in case of con-
tacting aluminum and wood can be rendered when virtual thermal conductance is adjusted to increase the
same temperature difference of the contacting material in these cases. In the experiments of this chapter,
virtual thermal conductance was adjusted, so that steady state keeps within a small temperature range to
verify the tendency of the proposed method.
3.2.5 Virtual Thermal Conductance Control with Detection of Contacting Point
As mentioned in the previous section, the number of contacting part is one. Because heat inflow from
a finger enters into the contacting part, it is said that the only one output will have the large value in the
case that a finger contact among the three outputs of HIOB. In Fig. 3-21, values of estimated heat inflows
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Fig. 3-23: Experimental setup for verifying virtual thermal conductance control.
Table 3.2: Parameters of experiments for verifying virtual thermal conductance control.
Parameter Description Value
n Nominal Seebeck coefficient 0.04 V/K
Rn Nominal thermal resistance 38.0 K/W
Cn Nominal thermal capacitance 0.475 J/K
gd Cut-off frequency for pseudo differential 0.1 rad/s
g` Cut-off frequency in T` 0.1 rad/s
gc Cut-off frequency in Tc 0.1 rad/s
gr Cut-off frequency in Tr 0.1 rad/s
Kp Proportional gain 0.1
Ki Integral gain 0.01
are compared for selecting the variables for the feedback. Thus, the part in that the HIOB generates the
largest output is selected to be the contacting part.
Simulations of Virtual Thermal Conductance Control
Fig. 3-22 shows the simulation result of the virtual thermal conductance control. Here, 1 W of heat
inflow entered to the left side of the plate after 30 s, and 4 W of heat inflow entered to the center of it after
60 s. Each thermal conductance was set to 0.5 W/K and 0.3 W/K, respectively. From Fig. 3-22, virtual
thermal conductance at the contact part can be changed freely by setting the virtual thermal conductance
G.
Outline of Experiments
Fig. 3-23 shows the experimental setup. The thermal system consists of the copper plate that the size
of the copper plate is 60 mm20 mm0.5 mm and the Peltier device attached to the left side of the plate.
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Fig. 3-24: Experimental results (contact: left part, G`  1W=K).
Three thermocouples were attached to the backside of the left, center, and right part of the copper plate
and they were used for controller after getting smaller their temperature difference. Here, the back side
of the Peltier device was attached to the heat sink for dissipation of heat. The heat sink was used in all
cases of experiments when the Peltier device can be fixed to the plane.
Next, the outline of the experiments is explained. First, T` was controlled to be 0.5 K and the time
is regarded as 0 s when the finger contacts the plate. Then, the finger touches the left/center/right part
of the copper plate. The temperature responses were monitored in case of setting different values of
virtual thermal conductances. These conductance values were set within the range of safety and feeling.
Here, the virtual thermal conductances were set as G`  1W=K, G` = 0:8 W=K, Gc  1W=K,
Gc = 0:8 W=K, Gr  1W=K and Gr = 0:8 W=K. The original temperature command was set at
0:5 K in all cases that were modulated by the parameter of the thermal conductance. T cmd stands for the
temperature command of the contact point. When virtual thermal conductance G is small, temperature
response is changed by estimated heat inflow from a finger. By monitoring the temperature response in
the steady state, the effect of the virtual thermal conductance control was evaluated. Table 3.2 shows
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Fig. 3-25: Experimental results (contact: left part, G` = 0:8 W=K).
the parameter values used for these experiments. Here, pre-examination was conducted that the value
of  was adjusted so that the estimated heat inflow obtained from HIOB q^in` becomes 0 by controlling
temperature without the contact of the finger. Contact thermal resistance of thermocouples effects to the
response of the heat conduction system. In this dissertation, thermocouples were attached to the copper
plate by soldering and thermal paste to reduce the thermal resistance.
Experimental Results
Figs. 3-24 and 3-25 showed the experimental results when the finger contacted the left part of the
copper plate. Before touching the copper plate, relative temperature of the left part was controlled to 0.5
K. The reason for increasing the temperature and heat flow responses is that heat inflow from a finger
entered into the system by contacting the plate. qin` takes the highest value than the others among the
estimated heat inflow responses. The positions of the contacting part can be detected from the estimated
heat inflow responses because the system regards the part in which the HIOB outputs the highest value
as the contacting part. The temperature response approaches to the reference value 0.5 K  0.04 K in
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Fig. 3-26: Experimental results (contact: center part, Gc  1W=K).
the case that the virtual thermal conductance G` is set to 1. It means that the heat inflow at the left
part is completely compensated, even if heat inflow was applied to the system. On the other hand, the
temperature reference was modulated expressed as (3.32) in case of G` = 0.8 W/K, and the response
value converged to the reference value  0.02. In this case, heat inflow of left part approached about
0.15 W. From (3.32), the amount of heat inflow taking into the system is about 0.2 W. These results
show that temperature response is changed according to the value of q^in` . As for the other cases in which
the finger contacts with the center and right parts, similar results are obtained as shown in Figs. 3-26
and 3-27 in the case of contacting with center part and Figs. 3-28 and 3-29 in the case of contacting
with the right part. From the heat inflow responses in Figs. 3-26 and 3-27, it is shown that the value
of q^inc is about 0.1 W and become the largest when the finger is contacted with the center part. Then,
in case of the contact with the right part, q^inr is about 0.1 W, and takes the highest value as shown in
Figs. 3-28 and 3-29. Therefore, the detection of the contacting part is appropriately conducted, and the
temperature of the corresponding part is fed back to the internal temperature controller. In Figs. 3-26
and 3-28 which are the results that Gc is 1 W/K and Gr is 1 W/K, Tc and Tr approach the original
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command value (0.5 K) with standard deviation  0.01. On the other hand, as shown in Figs. 3-27 and
3-29, temperature commands are modulated for controlling Tc and Tr in the case that Gc and Gr are 0.8
W/K, respectively. Then, the response of temperatures Tc and Tr increases about 0.13 K, and the value of
command temperature added heat inflow taking into the system. The amount of heat inflow taking into
the system is calculated as 0.13 W, respectively. Therefore, it is able to say that the thermal conductance
is virtually reproduced at the contacting point. Fig. 3-30 shows the experimental results for changing
various values of virtual thermal conductance in the left part. Therefore, the arbitrary thermal response
regarding the contacting part can be changed. The limit of the speed depends on the distance from the
heat source, the rated power of the heat source, and the materials of the thermal conductor. These three
points should be considered to improve temperature control. As mentioned above, G can be changed
from 0 to1. Therefore, SC was also changed depending on G at each contact point.
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Fig. 3-27: Experimental results (contact: center part, Gc = 0:8 W=K).
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Fig. 3-28: Experimental results (contact: right part, Gr  1W=K).
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Fig. 3-29: Experimental results (contact: right part, Gr = 0:8 W=K).
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Fig. 3-30: Experimental results of various virtual thermal conductance (contact: left part).
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Consideration on the Relationship Between the Experimental Results and Thermal Sensation
The study [18] shows that the temperature of feeling cool is lower than 29 C, and temperature of
feeling hot is higher than 37 C. However, the temperature range of the experimental results is limited.
There are three reasons. First, modeling error of the Peltier device becomes large when a large current
is applied to the device because of generating a Joule heat and changing the thermal parameter. Second,
there is a limitation of the hardware system such as a rated power of resistance of the electric circuit and
power supply. Finally, the temperature command works very slowly because of the time of heat conduc-
tion, and the experiments were focused on the verification of the tendency of the proposed method. Thus,
the temperature range that can be used in the proposed method is decided depending on the experimental
setup. If the control system consists of a large power supply and electric circuits, the method works in
the range of the maximum currents of the Peltier device.
Summary of This Section
In this section, the virtual thermal conductance G with detection of single contacting part was ex-
plained. The system was modeled by three parts, and the situation in which x was set to L/3 in SC was
considered in this section. Then, single contacting part was detected by the outputs of HIOB, and tem-
perature command was modulated by the virtual thermal conductance controller. By the virtual thermal
conductance controller, the amount of heat inflow to take into the system was adjusted at the contacting
part. It is possible to change the thermal rendering depending on the contacting positions by using the
control method. The method will be useful for developing the novel kinds of thermal rendering system
using limited material.
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Fig. 3-31: Modeling of the thermal system based on a thermal diffusion equation.
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Fig. 3-32: Thermal network method including infinity nodes.
3.3 Modeling Based on a Distributed Parameter System
3.3.1 Modeling Based on a Thermal Diffusion Equation
Basic Model using a Thermal Diffusion Equation
In this section, the basic model of heat conduction material using a thermal diffusion equation is con-
sidered. The thermal system consists of a metal wire and a Peltier device attached to the end of the wire.
Fig. 3-31 shows the heat conduction system treated in this study. Here, T (s,0), T (s,L), and L denote
the temperature at the left and right ends of the wire, and length of the wire, respectively. The thermal
system is divided into N elements as shown in Fig. 3-32, where T , R, C, and a denote the temperature,
thermal resistance, thermal capacitance, and distance between nodes, respectively. Temperature at the
left end of the wire generated from the Peltier device is described as
T (s; 0) =  Ta + q
in
Cs
Iref ; (3.33)
where , Ta, s, Iref , and qin denote Seebeck coefficient, ambient temperature, the Laplace operator,
reference value of current, and heat inflow from metal wire, respectively. The thermal system is modeled
based on a thermal network method with an arbitrary number of elements. As for the metal wire, the
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thermal equation is expressed as
CsTi =
1
R
(Ti 1   2Ti + Ti+1) ; (3.34)
where i stands for an arbitrary point. (3.34) is applied for all nodes of the thermal system by setting the
boundary conditions. Here, the boundary condition are defined as
T0 = Tp (3.35)
TN+1 = TN ; (3.36)
where subscript p denotes the Peltier device. Using (3.35) and (3.36), (3.34) is applied for all nodes
of the thermal system. Therefore, with the number of nodes N close to infinity, the thermal diffusion
equation is derived as
@T (t; x)
@t
= c2
@2T (t; x)
@x2
(3.37)
c2 =

cs
; (3.38)
where c2, , , and cs stand for the thermal diffusivity, thermal conductivity, density, and specific heat,
respectively. The boundary conditions are expressed as
T (t; 0) = u(t) (3.39)
@T (t; L)
@x
= 0: (3.40)
Besides, the initial condition is derived as
@T (0; x)
@t
= 0: (3.41)
The transfer function G from position 0 to x, L is derived by using the boundary and initial conditions
as
G(s; x) =
T (s; x)
T (s; 0)
=
e 
x
c
p
s + e 
(2L x)
c
p
s
1 + e 2
L
c
p
s
(3.42)
G(s; L) =
T (s; L)
T (s; 0)
=
2e 
L
c
p
s
1 + e 2
L
c
p
s
: (3.43)
The equation (3.43) shows the model of the metal wire. The thermal system consists of the metal wire
and the Peltier device. The block diagram of the model based on (3.33) and (3.43) is shown in Fig.
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Fig. 3-33: Block diagram of the thermal system based on a thermal diffusion equation.
3-33. Here,  qin(s; 0) stands for torsion of heat flow from the wire to the Peltier device. The element
involving the thermal model e 
L
c
p
s has delay element and a damping element. These characteristics are
treated as a propagation delay and propagation damping. From Fig. 3-33, it is found that the wire has a
propagation delay and a torsion of the heat flow between both sides of the wire. The torsion is expressed
as a heat flow in the direction opposite from heat propagation, and it is the metal wire model part in a
square in Fig. 3-33.
In this case, the size of the node x is derived as
x =
L
N
; (3.44)
where L is length of the material. When the number of nodes N closes to1, x closes to 0. Therefore,
SC is described as
SC =
G
x
(3.45)
= G
N
L
 1: (3.46)
Thus, the distributed parameter model has a high spatial control stiffness, and temperature control using
the model is conducted in this section.
Thermal Characteristics of Heat Conduction Model
As mentioned in the previous section, the thermal model derived from a thermal diffusion equation
consists of two parts; normal heat conduction and torsion of heat flow. To consider these elements, the
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Fig. 3-35: Bode diagram of the thermal system after rejection of the torsion.
thermal model shown as (3.43) and the normal heat conduction part are discussed in a frequency domain.
e 
p
s can be rewritten in a polar coordinate system shown as
e 
p
s = e 
p
j! = e 
p
j
p
!: (3.47)
By using Euler’s formula,
p
j is shown as
p
j = j
1
2
=

ej

2
 1
2
= ej

4
= cos

4
+ j sin

4
=
1p
2
+ j
1p
2
: (3.48)
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Therefore, the thermal model derived from (3.47) is calculated as
e 
p
j
p
! = e
 

1p
2
+j 1p
2
p
!
= e (
p
!
2
+j
p
!
2 )
= e 
p
!
2 e 
p
!
2
j : (3.49)
From (3.49), the thermal model has a damping element and a delay element. The block diagram of the
system after rejection of the torsion is shown in Fig. 3-34. The bode diagram of the system is shown in
Fig. 3-35. The red line is the thermal system based on (3.43). The blue line is the model after rejection
of the torsion based on Fig. 3-34. Comparing these two lines, it is found that control bandwidth is
extended by the torsion rejection. Moreover, the frequency response is similar to a delay system in a low
frequency. In particular, the thermal system has a damping characteristic from the gain diagram of Fig.
3-35. Therefore, the thermal system has a delay element and damping element as thermal characteristics.
3.3.2 Temperature Control Based on a Thermal Diffusion Equation
Structure of Rejection of Heat Flow Torsion
Fig. 3-36 shows the block diagram for rejection of the heat flow torsion, where the superscript cmp
and q mean the compensation value and heat flow, respectively. From Fig. 3-36, the compensation value
of the heat flow qcmp is derived as
qcmp = T (s; 0)  e Lc
p
sT (s; L): (3.50)
In this method, the estimated heat flow at the heat source side is used. The reason is that it is needed
to implement e 
L
c
p
s using approximation to calculate qcmp using temperature of the tip of the wire. In
the case of using an approximating method, the accuracy of estimation varies depending on the degree
of approximation. The structure is converted to implement without e 
L
c
p
s by using the relationship
between temperature and heat flow. The relationship is calculated as
q = 
@T
@x
; (3.51)
where  stands for the thermal conductivity. Then, qcmp in Fig. 3-36 is converted based on (3.51). Using
(3.42), the response of temperature at position x is derived by
T (s; x) =
e 
x
c
p
s + e 
(2L x)
c
p
s
1 + e 2
L
c
p
s
T (s; 0): (3.52)
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The partial differentiation of T (s; x) is expressed by
@T (s; x)
@x
=  
p
s
c
e 
x
c
p
s + e 
(2L x)
c
p
s
1 + e 2
L
c
p
s
T (s; 0): (3.53)
Here, qin(s; 0) can be estimated by the HIOB. Therefore, the heat flow at the right side of the system
qin(s; 0) is used. The heat flow is calculated as
qin(s; x) = 
@T (s; x)
@x
=  
p
s
c
e 
x
c
p
s + e 
(2L x)
c
p
s
1 + e 2
L
c
p
s
T (s; 0): (3.54)
In the case of substituting 0 for x in (3.54), estimated heat flow can be expressed as
qin(s; 0) =  
p
s
c
1  e  2Lc
p
s
1 + e 2
L
c
p
s
T (s; 0): (3.55)
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Using (3.50), (3.53) and (3.55), qcmp is rewritten as
qcmp = T (s; 0)  e Lc
p
sT (s; L)
= T (s; 0)  e Lc
p
s 2e
 L
c
p
s
1 + e 2
L
c
p
s
T (s; 0)
=
1 + e 2
L
c
p
s
1 + e 2
L
c
p
s
T (s; 0)  2e
 2L
c
p
s
1 + e 2
L
c
p
s
T (s; 0)
=
1  e 2Lc
p
s
1 + e 2
L
c
p
s
T (s; 0)
=   c

1p
s
qin(s; 0): (3.56)
From (3.56), the block diagram of Fig. 3-36 is converted as shown in Fig. 3-37. Here, the fractional
integrator 1p
s
is implemented [99] as
y(k) =
1p
2Ts

1
2
y(k   1) + u(k) + 1
2
u(k   1)

; (3.57)
where u, y, Ts, and k stand for the input, output of the fractional integrator, sampling period, and discrete
time, respectively. Therefore, the fractional integrator in the proposed method is implemented as
qcmp(k) =
c

p
2Ts

1
2
qcmp(k   1) + qin(k) + 1
2
qin(k   1)

: (3.58)
There are many studies about the implementation of fractional integrator by fitting frequency responses.
Fig. 3-38 shows the bode diagram of some approximation methods. Here, 5th-order approximation was
conducted within the range between 10 2 to 10 Hz. The range is decided from the control bandwidth
of the Peltier device. In this section, Manabe’s approximation method that is also approximated method
by fitting a bode diagram in the same way as these methods was used. Fig. 3-39 shows the frequency
responses from the first- to the fifth- order equation based on the Manabe’s approximation. From Fig.
3-39, the approximation generally does not affect the estimate of the torsion of heat flow resemble in the
low frequency. As for modeling by the lumped parameter system, an approximation for the number of
nodes is needed. Thus, the influence of the approximation in the proposed control method is less than in
the conventional one. From the above, thermal model e 
L
c
p
s can be derived using the heat flow at the
left end of the system and the fractional integrator. Summarizing the above, the compensation current for
rejecting torsion of heat flow Icmpi is expressed using the inverse thermal model of the thermal system as
Icmpi =  
Cns
nTa
qcmp; (3.59)
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Fig. 3-39: Bode diagram of the thermal system approximated by Manabe’s method.
where subscript n denotes the nominal value using control system. Some simulations verified the valid-
ity of the compensation value of the current for rejecting the heat flow torsion. The effect of the torsion
rejection works clearly in the case of raising the proportional gain. The temperature responses of tem-
perature control at the tip of the wire with and without the torsion rejection are shown in Fig. 3-40. In
Fig. 3-40, the temperature response without rejection loop is oscillating with large amplitude. On the
other hand, the response of the proposed control method approaches to the command faster. Thus, the
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Fig. 3-40: Simulation results for verifying the rejection of torsion.
control bandwidth can be extended by rejecting the torsion of heat flow. It is found that the effect of the
torsion rejection in the same way as the bode diagram shown in Fig. 3-39.
HDOB and HIOB
There are two kinds of observers in the proposed method. First, HDOB that is used for the Peltier
device is explained. For temperature control, it is necessary to remove the disturbance factor that is
named the disturbance heat flow as
 qdis =  qin   1
2
RpI
ref2   1
Rp
(Th   Tc)
+ TaI +CsT (s; 0); (3.60)
where qdis, qin, Rp, Th, and Tc stand for the disturbance heat flow, external heat inflow from a material,
thermal resistance of the Peltier device, temperature of the heat side of the device, temperature of cool
side of the device, respectively. From (3.60), the disturbance heat flow consists of the heat inflow, Joule
heat, heat conduction from the back of the device, and nominal error such as  and C. By using
HDOB, the disturbance heat flows can be derived as
 q^dis =   gd
s+ gd
qdis; (3.61)
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where the superscript ˆ and gd represent the estimated value and cut-off frequency of the low-pass filter of
HDOB which is attached to reduce the noise, respectively. The compensation current Icmpd is calculated
as
Icmpd =  
1
nTa
q^dis; (3.62)
where the subscript n denotes the nominal value. In response to the heat flow, the compensating current
is added to the reference current to remove the disturbance heat flow. Second, HIOB is used to estimate
the heat inflow at the left end of the thermal system in the proposed method. The heat inflow is estimated
as
 q^in = gi
s+ gi

qref   CnT (s; 0)s

; (3.63)
where gi stands for cut-off frequency of the low-pass filter of HIOB. Here, qref is calculated as
qref =  Ta

Iref + Icmpi + I
cmp
d

: (3.64)
In the proposed control method, the nominal value is considered to correspond with the true value. Thus,
the heat flow at the left end of the system can be estimated accurately. The block diagram of Fig. 3-37
is executed as shown in Fig. 3-41 using (3.56) and (3.63). The method of delay compensation will be
described in the next section.
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Propagation Delay Compensator
The thermal model includes a delay element, and the heat compensator for delay compensation is set
in this method. The compensating temperature for the delay of the thermal system is calculated as
T cmph =
gh
s+ gh

 nTa
Cns
Iref   T (s; L)

; (3.65)
where T cmph stands for the compensating temperature for delay of the thermal system. The value of com-
pensation is added with the response value of temperature at the right end of the system. The structure
of the heat compensator is based on the delay compensation method that does not require the delay time
[109,110]. Here, Iref is calculated as
Iref =   Kp
nTa
 
Tcmd  
 
T cmph + T (s; L)

; (3.66)
where Tcmd and Kp stand for command value of temperature and proportional gain, respectively. The
block diagram of the heat compensator is shown in Fig. 3-42. The delay of the thermal system can be
compensated by using the model of the Peltier device.
Analyzing of Propagation Delay Compensator
The compensator mentioned in the previous section is analyzed. It is needed to compensate for the
propagation delay of the thermal system included in the copper wire. A communication disturbance ob-
server (CDOB) was proposed [109] for compensating for delay time using the structure of the disturbance
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Fig. 3-43: Block diagram of generalized temperature control with CDOB.
observer. The compensating heat flow for the delay of the thermal system is calculated as
qcmph =
gh
s+ gh

 nTa
Cs
Iref   T (s; L)

: (3.67)
The value of compensation is added with response value of temperature at the right end of the wire. The
effect of the compensator is analyzed. The block diagram of the generalized thermal system using the
CDOB is shown in Fig. 3-43, where C(s), G(s), and T stand for controller, plant system, and delay
time of the system, respectively. Here, the transfer function of the system without the heat compensator
is derived as
T (s; L)
T cmd
=
C(s)G(s)e Ts
1 + C(s)G(s)e Ts
: (3.68)
The transfer function of the system with the compensator is calculated as
T (s; L)
T cmd
=
C(s)G(s)e Ts
1 + C(s)G(s)
: (3.69)
Therefore, the delay element of the denominator of the transfer function can be rejected by the heat
compensator. It can be said that the stability of the system is improved by using the compensator.
Temperature Control Based on the Thermal Diffusion Equation
The general view of the proposed control system for temperature control based on a thermal diffusion
equation is shown in Fig. 3-44. The control system consists of compensation of damping element and
propagation delay of the heat conduction system. The block diagram of the control system is shown in
Fig. 3-45. The Peltier device is controlled robustly by the HDOB ( 1). By using the compensator for
rejection of torsion ( 2) and a propagation delay ( 3), temperature control at the end of the wire that is
the load side of the thermal system is executed. The validity of the proposed method is verified through
some experiments.
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Fig. 3-44: General view of the proposed control system.
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Fig. 3-46: Experimental setup for estimating and controlling the tip of the wire.
Experimental Setup
The experimental setup for temperature control using a thermal diffusion equation is shown in Fig.
3-46. The thermal system consists of the Peltier device and metal wire, that the Peltier device is attached
to the left end of the metal wire. The thermocouples are attached at both sides of the wire. The sensor
of the heat source side was used for estimating the torsion of heat flow, and the one at the tip of the
wire was used for the delay compensation. There are two types of experiments to verify the validity of
the control method. First, the thermal response was compared with different lengths (10/20/30/40/50
mm) of copper wire and different materials (copper/aluminum wire). In this experiments, the Peltier
device was controlled at 1 K (relative temperature). Second, the temperature of the end of the copper
and aluminum wire with the length of 30/45/60 mm was controlled. The Peltier device attached to the
left end of the wire was controlled by using the model based on the thermal diffusion equation. The
temperature responses of the proposed control method (HDOB at the Peltier device, torsion rejection,
and compensation for propagation delay) were compared to the responses without rejection method or
heat compensator. A human finger contacted with the right end of the wire after 25 s. Table 3.3 shows
the values of the parameters used in these experiments. Here, the parameters of thermal conductivity and
thermal diffusivity were decided from the theoretical values.
Experimental results
Figs. 3-47 and 3-48 show the experimental results of the temperature responses in the case where
the Peltier device is controlled at 1 K. In Fig. 3-47, the propagation speed is different depending on the
length of the copper wire. This is because the damping and delay elements of e
L
c
p
s increases according
to L. In Fig. 3-48, the propagation speed between the copper and aluminum wire is different. In this
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Table 3.3: Parameters of experiments for verifying temperature control with detection.
Para. Description Value
Kp Proportional gain 0.04
Kd Differential gain 0.001
Rn Nominal thermal resistance 8.47 K/W
Cn Nominal thermal capacitance 0.475 J/K
 Thermal conductivity 398 W/m  K
c2 Thermal diffusivity 110mm2/s
n Seebeck coefficient 0.01 V/K
gd Cut-off frequency of HDOB 0.1 rad/s
gi Cut-off frequency of HIOB 10.0 rad/s
gh Cut-off frequency of heat compensator 0.1 rad/s
case, the thermal diffusivity, c, differs depending on the material, and the damping element and delay
element are also changed from the thermal diffusivity. The steady-state error between the temperature
responses of the wire and the Peltier device may be caused by a heat dissipation. Figs. 3-49 to 3-52
show the results of temperature control at the right end of the copper wire where the length is 30/45/60
mm. The red line shows the proposed control method, which is the temperature response with torsion
of heat flow rejection and compensation of the thermal propagation (heat compensator). The green line
shows the temperature response without the heat compensator. The blue line shows the response using
only the compensated value from the HDOB at the Peltier device. In Fig. 3-49, the convergence time of
the response value was faster than the response without rejection loop at the transient state, in the case of
adding the compensation of rejection loop (comparing red line and green line). Therefore, the rejection
loop can be considered as working effectively. In the case of using the heat compensator (comparing
the red line and blue line), the convergence time of the response value was faster than those without the
compensating loop. It appears that the heat compensation worked faster as the temperature response.
The same can be observed in Figs. 3-50 and 3-51 in the case of changing the length of the wire. It is said
that the convergence time is almost the same regardless of the length of the thermal system. Fig. 3-52
shows the temperature response in the case of using the aluminum wire; the same can be observed as in
Fig. 3-49. From the above results, it can be inferred that the proposed method is useful for any length
and any material that has a high thermal conductivity. As mentioned above, temperature control of the
heat conduction system can be conducted by regarding the system as a uniform material with damping
and delay elements. It can be confirmed from SC that it becomes1.
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Fig. 3-49: Experimental results of temperature control using the proposed method (material: copper
wire, length: 30 mm).
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Fig. 3-50: Experimental results of temperature control using the proposed method (material: copper
wire, length: 45 mm).
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Fig. 3-51: Experimental results of temperature control with proposed method (copper wire: 60 mm).
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Fig. 3-52: Experimental results of temperature control using proposed method (material: aluminum wire,
length: 30 mm).
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Summary of This Section
This section proposed a temperature control method based on the thermal diffusion equation. In this
case, SC was set to 1 was considered. The thermal system was modeled with simple propagation
delay and damping system. The model was verified by using the numerical analysis and experimental
results. Besides, the temperature at the load side of the system was controlled by using this thermal
model. Furthermore, temperature control was conducted by using only two thermocouples, and simple
control system was constructed. The proposed method of temperature control was validated through
some fundamental experiments. The method can be used for material that has a high thermal conductivity
such as copper and aluminum wire. It is a fundamental and important method for controlling a thermal
system considering the thermal distribution.
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Fig. 3-53: The concept figure of temperature control with sensing.
3.3.3 Temperature Control with Sensing of Contacting Object
In this section, the model using a thermal diffusion equation is applied to sensing technique of contact-
ing object. The technique mentioned in the previous section can make it possible to control temperature
of the Peltier device and to observe heat flow that enters into the device at the same time. Therefore, the
proposed method can monitor heat propagation of the contacting object while rendering thermal sensa-
tion. Monitoring of heat propagation is useful for health care system because obtaining the information
of the inside of the human body where it is hard to attach to the sensor is possible. In the thermal model,
thermal propagation is changed depending on the material condition such as the presence of heat source
such as a cancer cell. The method to obtain heat flow of the material using heat propagation is discussed
in this section. The concept figure is shown in Fig. 3-53. It is possible to find a heat source in a deep layer
of the material by using the sensing method without any sensor attached inside of the material. There-
fore, the proposed method is valid for detecting heat source inside of the material. Some experiments
are conducted to verify the validity of the sensing method by using an aluminum cylinder as propagation
material.
Application of the Sensing Method
One of the applications of the sensing method is the detection of the heat source such as a cancer cell
inside of the human body by estimating heat flow from the surface of the body. There are many studies
about the human model of the thermal propagation, and most of them use some thermal resistances
and thermal capacitances [104]–[106]. Besides, the thermal propagation model including a heat source
is constructed based on the thermal network method, shown in Fig. 3-54. According to the literature
[107,108], the cancer cell has higher temperature up to about 2-3 K on the skin over the tumor. Thus, heat
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Fig. 3-54: Thermal propagation model including a heat source.
flow generates from the temperature difference in case of cooling from the body surface. To generalize
the proposed sensing method, the thermal system is modeled using a thermal diffusion equation, and the
method is expected to be applied for all thermal propagation system like a metal material and human
body. The section used a metal material as a propagation model to construct the fundamental method
for detection of a heat source. It is assumed that metal material has higher and uniformity thermal
conductivity than human, and it is possible to conduct the fundamental verification of the proposed
method using the material.
Sensing The Heat Flow From The Surface
In this section, the method of sensing the heat flow from the surface is discussed. As mentioned in the
previous section, delay with damping element is related to the thermal parameter of the material. Thus,
a heat source can be detected using the element. By using the method explained in Section 3.3.2, heat
flow involved the propagation model can be observed as the torsion of heat flow from the surface. Based
on the thermal model derived in Section 3.3.2, the torsion of heat flow from the heat source in deep layer
qh is calculated as
qh = T (s; 0)  e Lc
p
sT (s; L): (3.70)
In this construction, it is needed to be set the temperature sensor in the material; however, it is difficult
when material that cannot be attached anything to inner side is monitored. Therefore, the observer that
estimate heat flow using only the information at the surface is constructed. HIOB is set on the Peltier
device, then the heat flow at the surface from a deep layer can be estimated. Using the method derived
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in Section 3.2.2, qh is rewritten as
qh = T (s; 0)  e Lc
p
sT (s; L)
=   c

1p
s
qin(s; 0); (3.71)
where , c, and qin stand for thermal conductivity, thermal diffusivity, and heat inflow estimated from
the surface, respectively. Here, fractional integrator 1p
s
is implemented by using the literature [99]. The
estimation error of the heat flow effects directly to the estimated value of the depth of the heat source. In
other words, the performance of the detection of a heat source is determined by the accuracy of estimated
heat flow.
Controlling the Peltier Device
The compensated value of current from HDOB is calculated as
Icmp =
gd
s+ gd

 nTaIrefa   qres

; (3.72)
where superscript cmp, Irefa , and gd stand for command value, current after compensation, and cut-off
frequency of a low-pass filter for HDOB, respectively. In the sensing method, temperature control is
conducted to cool and observe the heat flow of the material.
Controlling with Sensing
The control system consists of the Peltier device and the propagation material that involved a heat
source inside of the material. The block diagram of the whole system of sensing and controlling is
shown in Fig. 3-55. Here, the subscript n, gi, and the superscript ,^ ref stand for the nominal value, cut-off
frequency of a low-pass filter for HIOB, and estimated value, reference value, respectively. The Peltier
device is attached to the surface and cooling the material, and heat flow from the heat source can be
monitored at the same time with temperature control. In the sensing method, temperature control with
sensing is possible because the control system is constructed based on heat flow dimension. Because
the method utilizes the heat disturbance observer for removing disturbance including modeling error, the
method uses a simple proportional controller.
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Fig. 3-55: Block diagram of the control system for sensing heat source.
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Fig. 3-56: Experimental setup for verification of detection heat source.
Table 3.4: Parameters of experiments for verifying the sensing method of contacting object.
Para. Description Value
Kp Proportional gain 0.4
 Thermal conductivity 237 W/mK
c2 Thermal diffusivity 98.8mm2/s
n Seebeck coefficient 0.002 V/K
gd Cut-off frequency of HDOB 1.0 rad/s
gi Cut-off frequency of HIOB 1.0 rad/s
gh Cut-off frequency of heat compensator 1.0 rad/s
Experimental Setup
Fig. 3-56 shows the experimental setup. The aluminum cylinder was used as a thermal propagation
model attached on the Peltier device with temperature and heat flow sensor. The relationship between the
aluminum cylinder and the thermal propagation model is explained in the next subsection. The thickness
of the cylinder is 10 mm in experiment 1, and 10, 25, 30, and 40 mm in experiment 2. The Peltier device
that the size is 5 mm  5 mm was attached on the cylinder, used as an experimental model of a heat
source inside of the material. In addition, the Peltier device that the side is 20 mm  20 mm was used
for cooling the cylinder. There are two kinds of experiments. In experiment 1, the relationship between
temperature response and estimated heat flow was verified. The Peltier device was controlled to  5.0
K and the sine wave of 0.025 Hz (relative temperature). In the same time, the sensor attached to the
device was observed the heat flow from the heat source. The experimental results of the estimated heat
flow were compared in 2 cases. Case 1 is that the Peltier device as a heat source inside of the material
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Fig. 3-57: Experimental results of temperature control (T cmd =  5.0 K).
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Fig. 3-58: Experimental results of estimated heat flow (T cmd =  5.0 K).
controlled to 2 K (relative temperature) and case 2 is that the Peltier device was kept at standard state. In
experiment 2, the relationship between the depth of heat source and the estimated heat flow was verified.
The Peltier device was controlled to  10 K after controlling the heat source to 3 K, and the temperature
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Fig. 3-59: Experimental results of temperature control (T cmd =  5.0 sin(2  /40 t) K).
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Fig. 3-60: Experimental results of estimated heat flow (T cmd =  5.0 sin(2  /40 t) K).
difference between surface and heat source (T ) was extended compared with experiment 1. Here, the
starting time of controlling the Peltier device on the surface sets to 0 s and peak point of the estimated
heat flow was estimated in the transient response of the temperature control. In the case of changing the
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depth of heat source (10 mm, 25 mm, 30 mm, and 40 mm), the estimated heat flow was compared case 1
to case 2. The values of parameters used for these experiments are shown in Table 3.4. Here, the thermal
conductivity and thermal diffusivity was used from the theoretical value. The cut-off frequency could
not be raised anymore because the value of heat flux sensor has a lot of noise. As for frequency band of
this system, it is enough to compensate for the disturbance against the temperature control.
The Aluminum Cylinder and A Propagation Model
The aluminum cylinder was used as a general thermal propagation model to generalize the sensing
method in the experiments. Heat propagation from heat source occurs inside of the aluminum cylinder in
the same way as these models. The method is expected to be applied for all thermal propagation system
such as metal material and a human body.
Experimental Results
Some experiments were conducted in 2 cases that the temperature command (relative temperature)
set  5.0 K and the sine wave of 0.025 Hz in experiment 1. Figs. 3-57 and 3-59 show the results of
temperature control of the Peltier device, and Figs. 3-58 and 3-60 show the results of estimated heat flow
from the observer. Here, the feedback signal of Figs. 3-57 and 3-59 are temperature responses of the
Peltier device (T (s, 0)) and temperature control was conducted. In Figs. 3-58 and 3-60, the heat flow was
estimated from the estimation algorithm. In Fig. 3-57, temperature responses followed to the command
value. From these experimental results, the transient state of temperature response is different between
cases 1 and 2 because of the existence of the heat source. From Fig. 3-58, heat flow can be estimated
and the peak value of case 1 is higher than the value of case 2. The reason of the difference occurred
from the reference value of current and heat flow responses of the controlled Peltier device. The heat
flow from the estimation algorithm can be observed the changing inside of material. As for the case that
the command is the sine wave, it is said the same. Fig. 3-60 shows the results of estimated heat flow, and
it is said that the difference between 2 cases from the figure at the peak point. Therefore, the existence
of heat source can be found from the estimated heat flow during temperature control. In other words,
the proposed estimation method is valid for detecting heat source inside of the material in case that the
temperature of the surface is uniform and detection from thermography is difficult.
In the experiment 2, Figs. 3-61, 3-62, and 3-63 show the estimated heat flow in the case of extending
T . From these figures, it is found that the peak point of the estimated heat flow becomes higher as the
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Fig. 3-61: Experimental results of the estimated heat flow (d = 10 mm).
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Fig. 3-62: Experimental results of the estimated heat flow (d = 40 mm).
depth between the surface and the Peltier device decreases. The relationship between the peak point of
the estimated heat flow and the depth is shown in Fig. 3-64. The blue bar is the standard deviation of
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Fig. 3-63: Experimental results of estimated heat flow (T = 13 K).
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Fig. 3-64: The relationship between depth and estimated heat flow.
three times experimentations. The theoretical value of heat flow is derived as
q = TA
1
d
; (3.73)
where T , d and A stand for temperature difference, depth, and area, respectively. Therefore, heat flow
is inversely proportional to the depth between the surface and the Peltier device. From Fig. 3-64, the
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theoretical value (orange dotted line) and the experimental value are almost the same. It means that the
depth of heat source from the surface can be calculated by using the estimated heat flow. Besides, the
standard deviation is small enough to evaluate the estimated heat flow. Therefore, the heat source in a
deep layer can be observed from the transient response of the heat flow in the case of high-temperature
difference, and the depth of the heat source can be detected from the value of the estimated heat flow.
Thus, the heat flow is observed the difference as a peak point of the estimated value. From these experi-
ments, the heat source in a deep layer can be found from the estimated heat flow based on the estimation
method. The difference of the heat flow is occurred from a temperature difference between the temper-
ature of the surface and the heat source. The estimated heat flow includes spatial information of heat
conduction. Thus, the method is expected to apply the sensing method for location and state of heat
conduction inside the material.
Evaluation of Sensing
Sensing of one heat source is conducted by using one Peltier device in the section. Therefore, the
spatial resolution of sensing is depending on the size of the Peltier device. From the experimental setup,
the spatial resolution for sensing is 20 mm 20 mm in this dissertation. As for temperature resolution, it
is decided by the relationship between the resolution of sensors and amount of noises. Detection is pos-
sible when the difference of estimated heat flow is larger than the variation from the noises. To improve
the resolution and the accuracy of detection, a combination of the proposed method in three-dimension
is needed. The method will be extended to use three-dimensional thermal propagation. Moreover, the
depth that can be detected from the proposed method is according to a temperature difference between a
heat source and the material surface. In this dissertation, it is showed that 7 K to 13 K ofT is needed to
detect a heat source under 40 mm from the material surface by experimental results. The estimated heat
flow is changed from modeling error; however, the relative value is important in the case of detection for
a heat source.
Summary of This Section
This section introduced the method of sensing heat flow to detect a heat source in a deep layer with
temperature control. Heat propagation from the Peltier device was modeled by a thermal diffusion equa-
tion. The observer based on the distributed parameter system was established to estimate the torsion
of heat flow involved propagation model. Therefore, the estimation method is valid for detecting heat
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Fig. 3-65: The relationship between SC and Chapter 3.
source inside of the material. Some experiments were conducted to verify the validity of the proposed
estimation method. The proposed method is expected to be applied to detect the size or depth of heat
source.
3.4 Comparing Distributed Parameter System to Lumped Parameter Sys-
tem
The relationship between SC and each chapter is shown in Fig. 3-65. As for the lumped parameter
model mentioned in Section 3.2, the size of the node x is derived as
x =
L
3
: (3.74)
Therefore, SC is expressed as
SC =
q
T
3
L
: (3.75)
Thus, spatially controlled thermal conductance can be changed from 0 to1. When temperature control
is conducted, T closes to 0 and SC becomes 1. On the other hand, SC becomes 0 when heat flow
control is conducted and q closes to 0. Hence, the parameter of SC can be changed depending on the
location of the contact point.
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As for the distributed parameter model mentioned in Section 3.3, x closes to 0 such as
x  0; (3.76)
and the value of SC becomes1 shown as
SC  1: (3.77)
It means that the distributed parameter model has high stiffness and the knowledge matches the assump-
tion of modeling that the modeling material has a uniform parameter. Therefore, a lumped parameter
model is suitable to control and change responses of a part of the heat conduction system and a dis-
tributed parameter model is suitable to use control whole of the heat conduction system with uniform
thermal parameters.
3.5 Summary of Chapter 3
The control system using the basic model of the one-degree-of-freedom heat conduction system was
proposed in this chapter. In the first half of Chapter 3, heat conduction system was treated as three-
capacitance system and control system was constructed based on a lumped parameter system. The con-
tacting points can be detected by calculating the ratio of heat flow from the observer set in each location
of the heat conduction material. By using the detection algorithm, temperature control at the contact-
ing point was conducted. Besides, virtual thermal conductance control at any contacting points on the
material was proposed. The model using a thermal diffusion equation was proposed in the second half
of Chapter 3, and the control system was constructed based on a thermal diffusion equation. Heat con-
duction system can be expressed as a damping element and a delay element by using a thermal diffusion
equation, and it is easy to implement the control system using the model. Both methods were compared
at the end of the chapter.
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Two-Degree-of-Freedom Heat Conduction
System
4.1 Introduction
In this chapter, the two-degree-of-freedom heat conduction system is modeled based on a lumped
parameter system and a distributed parameter system. As for a lumped parameter model, heat conduction
material is divided into multiple thermal capacitances and thermal resistances, and control system based
on the model is conducted. As for a distributed parameter model, heat conduction material is treated as a
time-delay system with damping, and control system using time delay compensator is conducted. Some
experiments are conducted using both methods and verify the validity of the proposed method.
First, Section 4.2 explains the model based on a lumped parameter system and its control system using
the heat conduction system with two heat sources. Second, the model base on a distributed parameter
system and its control system introduces in Section 4.3. Finally, both methods were compared to each
other in Section 4.4.
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Fig. 4-1: Control objective of the general modeling.
4.2 Modeling Based on a Lumped Parameter System
4.2.1 General Modeling for Control of Heat Conduction System
Using Three-Thermal Capacitance System
In this section, the control method for rendering thermal sensation spatially using a general model is
explained. Namely, temperature control is conducted on the same plane dividingN points of contacting.
The Peltier devices at both ends of the metal plate is regarded as a heat conduction system for rendering
thermal sensation. The thermal system is modeled with multiple nodes based on a thermal network
method. The HDOB is used to remove disturbance which is an obstacle in controlling temperature.
By using the value of heat inflow estimated from the HIOB, detection algorithm of contacting points is
established. Here, SC can be derived as
SC = G
N
L
; (4.1)
where L is length of the heat conduction material. It is possible to render thermal sensation to N con-
tacting points by changing G.
General Model of Heat Conduction System
The thermal system used in this section is a metal plate which is attached to the Peltier devices. The
control objective of this section is shown in Fig. 4-12, where qin stands for heat inflow from a human
finger. This dissertation proposed the method of detection contacting points and temperature control of
these points. The model of this system based on the thermal network method is shown in Fig. 4-2,
where subscript `, subscript r, T , q, qin, R and C stand for the left and right part of the copper plate,
temperature, heat flow, heat inflow, thermal resistance and thermal capacitance, respectively. Heat flow
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expresses the thermal energy flowing from finger to the thermal system. In this section, two Peltier
devices are used as the sources for the thermal system. The amount of heat flow generated by the devices
is expressed as
qe =
266666664
q`
0
...
qr
377777775
= A
266666664
I`
0
...
Ir
377777775
= AIe (4.2)
A =
2666664
  1nTa 0
0
. . .
0
0   1nTa
3777775 ; (4.3)
where subscript e, subscript n, Ta, , and I stand for the electrical value, nominal value, ambient temper-
ature of the device, Seebeck coefficient, and electric current, respectively. Here, heat flow estimated as
(4.2) conducts to the metal plate without heat loss. By the circuit, the relationship between temperature
and heat flow is derived as
T1 =
1
Cs

q`   T1   T2
R

+ qin1 (4.4)
Tk =
1
Cs

Tk 1   Tk
R
  Tk   Tk+1
R

+ qink (4.5)
(k = 2;    ; N   1)
TN =
1
Cs

qr +
TN 1   TN
R

+ qinN ; (4.6)
where the k, N and s denote a contacting location number, a number of contacting points and a Laplace
operator, respectively. (4.4) and (4.6) indicate the boundary condition of the system. Here, R and C
depend on N such as
R =
L
N
WD
(4.7)
C = 
L
N
WD (4.8)
where ,  and c denote the thermal conductivity, density and specific heat, respectively. It is supposed
that the copper plate which is LmW mD m. Using (4.4) to (4.6), thermal equations are calculated
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Fig. 4-2: General modeling of the thermal system by a thermal network method.
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Fig. 4-3: Block diagram of plant system used in this section.
as
T sen =
266666664
T1
T2
...
TN
377777775
= P
266666664
T1
T2
...
TN
377777775
+
266666664
q`
0
...
qr
377777775
 
266666664
 qin1
 qin2
...
 qinN
377777775
= PT sen + qe + q
in; (4.9)
where
P =
26666666664
  1RCs 1RCs
1
RCs   2RCs 1RCs    0
. . .
0    1RCs   2RCs 1RCs
1
RCs   1RCs
37777777775
: (4.10)
Here, T sen stands for temperature of sensor.
The block diagram of the plant system is shown in Fig. 4-3. In Fig. 4-3, superscript res, subscript con,
and qdis denote the value of temperature response, temperature of contacting point, and disturbance-heat
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Fig. 4-5: Block diagram of HIOB (k = 2  N   1).
flow, respectively. qdis is defined as
qdisk =  qink +
Tk
R
(4.11)
Tk = T
res
k 1   T resk ; (4.12)
whereT denotes the difference in temperature to the next element of the plate. There are two sources of
heat flow, then the block diagram is expressed with the vector representation. After this, transformation
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matrixB and C are derived. From (4.9) ,B is given by
T ressen = (I   P ) 1

qe + q
dis

= B

qe + q
dis

(4.13)
qdis =
26664
qdis1
qdis2
...
qdisN
37775 ; (4.14)
where I denotesN N identity matrix. The relationship between the temperatures of the sensor and of
the contacting points is described as
T rescon = CT
res
sen (4.15)
C =
26664
x1
L
N
L
N
 x1
L
N
0
. . .
0
L
N
 xN
L
N
xN
L
N
37775 ; (4.16)
where L and x represent length of the plate and location of contacting point, respectively. Using this
model, the general thermal control system is constructed in the next section.
HDOB and HIOB
The control algorithm consists of the detection algorithm, estimation of heat inflow and temperature
control at the contacting points. In case of controlling each temperature of the plate, disturbance such as
Joule heat is needed to be removed. The control structure of the HDOB is shown in Fig. 4-4. In Fig.
4-4, Icmp and L and superscript^denote compensation current, the low-pass filter that is constructed to
reduce the noise and the estimated value, respectively. Icmp, L andHn are defined as follows:
Icmp =
26664
Icmp`
0
...
Icmpr
37775 (4.17)
L =
264
gd
s+gd
0
. . .
0 gds+gd
375 (4.18)
Hn = BnCn; (4.19)
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Fig. 4-6: Concept of detecting using HIOB.
where subscript n and gd stand for the nominal value and cut-off frequency of the low-pass filter, respec-
tively. By using the HDOB, disturbance heat flow is estimated as
q^dis = Lqdis: (4.20)
Using this value, the compensation current Icmp is obtained as
Icmp = A 1q^dis: (4.21)
When disturbances are taken into the thermal system, the compensation current is added to the reference
of current in the control system. The HIOB is constructed using the same construction as the HDOB.
The control structure of the HIOB that is set between Tk 1 and Tk is shown in Fig. 4-5. The heat inflow
is estimated as
 q^ink = q^disk  
Tk
Rn
g
s+ g
: (4.22)
The heat inflow estimated from the HIOB is used in a detection method of multiple contacting points.
– 87 –
CHAPTER 4 TWO-DEGREE-OF-FREEDOM HEAT CONDUCTION SYSTEM
B
I
+ + _+
+
_
Detection 
{ algorithm HIOBT cmd K p I cmpT rescon −1A
qdis^
qdis
T rescon
q in_ ^
T ressen
A C
−1A
e ee
HDOB
Contact points x
k
 
Thermal 
system 
Fig. 4-7: Block diagram of two points temperature control with detection.
Detection Algorithm of Contacting Points
The concept figure of detection algorithm is shown in Fig. 4-6. Here, qth stands for a threshold of q^in.
Here,N +1 HIOBs is required to detectN contacting points at the same time. Detecting algorithm uses
the value ofN +1 estimated heat inflow. The position of points k from the left of the plate are expressed
as
xk =
(k   1)L
N
+
L
N
jq^ink+1j
jq^ink j+ jq^ink+1j
: (4.23)
This equation assumes that each contacting point is located between the two HIOBs, and there is no more
than two connecting between them. It means that a contacting point is detected by using two HIOBs.
Temperature Control with Detection
Fig. 4-7 shows the block diagram of temperature control with the detection algorithm. In Fig. 4-7,
superscript cmd andKp stand for the value of command and proportional gain. The matrix used in Fig.
4-7 are derived as follows :
Kp =
264 Kp1 0. . .
0 KpN
375 (4.24)
The control system consists of detection algorithm and proportional temperature control. At first, con-
tacting points x are calculated by estimated heat inflow from HIOB, and substituted to the vector C.
Then, the temperature of contacting points are derived by thermocouples using C. By feedback loop of
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the temperature and compensation current calculated value based on HDOB, the temperature of contact-
ing points are controlled.
Virtual Thermal Conductance Control with Multiple Points Detection
The virtual thermal conductance control can be applied to the control system explained in the previous
section. The block diagram of virtual thermal conductance control with multiple points detection is
shown in Fig. 4-7. In Fig. 4-7, Kp and G denote a proportional gain and thermal conductance. The
control system consists of the detection algorithm and virtual thermal conductance control. At first,
contacting points x are calculated by estimated heat inflow from HIOB, and substituted into the vector
C. Then, the temperature of contacting points are estimated from sensor value andC. By feedback loop
of the calculated value based on the value added estimated heat inflow, virtual thermal conductance of
contacting points are controlled.
Then, spatial extended virtual thermal conductance control is discussed. The thermal conductance is
related to thermal conductivity, and it is different depending on materials. It can be said that changing
thermal conductance virtually means changing thermal response. In the virtual thermal conductance
control, the thermal system has virtual heat conductance G. T ref equals to T sen in the same way as
temperature control, if the disturbance heat flow does not exist. However, T ref is different to T sen in case
of heat inflow taking into the system. In this case, the reference of temperature is shown as
T refk new = T
ref
k +
1
G
qink ; (4.25)
where subscript new means the redefinition of the reference. This equation means that heat flow changes
the reference of a temperature and thermal response is affected by the value. By changing the value of
virtual thermal conductanceG, the amount of effect by the heat flow can be adjusted. Therefore, thermal
response is changed depending on the contacting points where heat inflow takes into the system. In the
next section, the general model is used for the heat conduction system using two heat sources in the case
of N = 2.
4.2.2 Temperature Control with Detection of Two Contacting Points
In the experiments, two contacting points are detected and controlled because of using two Peltier
devices. Here, temperature control at two contacting points is conducted. In this case, T closes to 0 and
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SC is calculated as
SC =
q
Tx
(4.26)
 1:
Rendering Method for Two Points
Using (4.4), (4.5) and (4.6), the relationship between temperature T1, T2, T3 and heat flow q`, qr are
calculated as 24 T1T2
T3
35 = 1
P
24 a1 Ra3 a3
R a2
35 q`
qr

= B

q`
qr

(4.27)
a1 = Rf(RCs+ 1)(RCs+ 2)  1g (4.28)
a2 = Rf(RCs+ 1)(RCs+ 2)  2g (4.29)
a3 = (RCs+ 1)R (4.30)
P =
1
(RCs+ 1)a2
: (4.31)
Here, assuming T1, T2 and T3 change at the same time,Bn (nominal value ofB) is given as
Bn =
24 13Cs 13Cs1
3Cs
1
3Cs
1
3Cs
1
3Cs
35 : (4.32)
The relationship between temperature of sensor and contacting points is derived by

TA
TB

=
 xA
30
30 xA
30 0
0 30 xB30
xB
30
24 T1T2
T3
35
= C
24 T1T2
T3
35 : (4.33)
Then,Hn is defined as
Hn = BnCn
=

1
3Cs 0
0 13Cs

: (4.34)
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Fig. 4-8: Experimental setup for verifying temperature control in case of two contacting points.
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Fig. 4-9: Detecting two contacting points.
Here, diagonal elements of Hn are considered as 0 because it is assumed that thermal interference
between contacting points does not occur. The estimated heat inflows estimated by three HIOBs are
derived as
 q^in1 = q^dis1  
T1   T2
Rn
g1
s+ g1
(4.35)
 q^in2 = q^dis2  
T2   T3
Rn
g2
s+ g2
(4.36)
 q^in3 = q^dis3 : (4.37)
The experimental setup for the experiments shows Fig. 4-8. The Peltier devices were attached to both
sides of the copper plate, and it is treated as the thermal system. Here, the size of the copper plate is
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Table 4.1: Parameters of experiments for verifying temperature control with detection.
Parameter Description Value
Cn Nominal thermal capacitance 0.71 J/K
Rn Nominal thermal resistance 8.47 K/W
Kp1 Proportional gain 0.8
Kp2
n Seebeck coefficient 0.027(HDOB) V/K,
0.07(HIOB) V/K
g Cut-off frequency of HDOB 0.1 rad/s
gp Cut-off frequency of pseudo differential 0.1 rad/s
qth Threshold of q^in 0.01 W
60 mm10 mm0.5 mm. Three thermocouples were attached to the left, center, and right side of the
copper plate (the red one). Fig. 4-9 shows the detection algorithm. Here, subscripts 1, 2, 3, A and B
stand for the left, center, right part of the plate, and locations of contacting point. In the case of touching
the copper plate by fingers, heat inflow ( qinA and  qinB ) enters from the fingers to the copper plate. The
HIOBs located in each part of the copper plate estimate the heat inflow ( q^in1 ,  q^in2 and  q^in3 ). The
contacting positions were detected by comparing the estimated heat inflow. Among the estimated three
heat inflow from HIOBs, it is assumed that the only one output will have a large value when a finger is
contacted. When the absolute value of estimated heat inflow is over 0.01, contacting points are detected
by using the ratio of each estimated heat inflow.
Outline of Experments
In the experiments, relative temperature of T1 and T3 were controlled to be 2.0 and 1.0 K in the first
100 s (xA=0 mm and xB=60 mm). After 100 s, a human fingers contacted with two points of the copper
plate (xA=15 mm and xB=45 mm). The temperature command of xA (TA) was set at 2:0 K and xB (TB)
was set at 1:0 K. The values of the parameter used for the experiment are shown in Table 4.1. Until 100
s, temperature control without the contact of a finger was conducted, The value of  was adjusted so that
the output of HIOB q^in1 becomes 0 in case.
Results of Experiments
Fig. 4-10 shows actual and estimated value of contacting points. The position of controlling temper-
ature is 0 mm and 60 mm until 100 s, then 15 mm and 45 mm after touching the plate. The estimated
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value of positions followed the actual value, and detection of contacting points was conducted accu-
rately. Fig. 4-11 shows response and reference value of temperature. It can be seen that the temperature
of two points followed the command after touching. It suggests that compensation current from HDOB
removed disturbance-heat flow. From these results, temperature control with detection was achieved at
the contacting points. However, the response was too slow to utilize as a rendering system. The rea-
sons are as follows: First, the speed of response depends on the thermal conductivity of the material.
Then, the response will become to fast if the material of system changes to other material which has
high thermal conductivity. Second, the cut-off frequency of HIOB was low. The frequency and safety
is trade-off relationship, and the frequency is not able to be set too high in reality. It is possible to solve
these problems if the control loop is improved.
As mentioned above, the control system in case that SC was set to1 when x is L/3 was verified by
some experimental results. In the next section, the control system in case that SC has a value using the
same lumped parameter model is explained.
Summary of This Section
This section described the temperature control method using a copper plate with the consecutive de-
tecting the contacting points. In this case, SC is set to1 when x is L/3 that is expressed as a lumped
parameter system. By adding compensation current from HDOB, temperature control was conducted.
The contacting points were detected, and temperature control was conducted at these points by using the
estimated heat inflow. Controlling multiple points and rendering spacial thermal sensation is possible
by using the method. Besides, it became possible to control the points which are not directly sensed by
thermocouples. Finally, the effectiveness of the proposal was evaluated by experimental results. In the
next section, the control system in case that SC has a value when x is L/3 is discussed.
4.2.3 Virtual Thermal Conductance Control with Detection of Two Contacting Points
In this section, a control method of rendering thermal sensation taking a spatial change of temperature
and heat flow into account is proposed. Here,G is set to a various parameter and different SC is rendered
in each contacting point. The control objective of this section is shown in Fig. 4-12. Thermal sensation
is changed on the same plane by controlling both temperature and heat flow depending on contacting
points. To consider temperature distribution, the thermal system is spatially extended by attaching the
Peltier device at both ends of a copper plate. The thermal system is modeled with infinite nodes by using
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Fig. 4-11: Experimental results of temperature responses using two heat sources.
a thermal network method. The proposed method implements virtual thermal conductance control fol-
lowing the plural locations of contacting by detecting contacting points. By using the value of heat inflow
estimated by HIOB, detection algorithm of contacting points and virtual thermal conductance control are
conducted. The method is able to change thermal sensation depending on touching points on the same
plane and render another material. The validity of the proposed system is shown by experimental results.
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Fig. 4-12: Control objective of virtual thermal conductance control with detection of two contacting
points.
Consideration of Detection Error
The effect of detection error is discussed in this section. From Fig. 4-5, the transfer function between
disturbance heat flow and estimated heat inflow is calculated as
q^ink
qink
=
TkCns+ nTanI +
Tk   Tk+1
Rn
TkCs+ TaI +
Tk   Tk+1
R
g
s+ g
: (4.38)
Using this equation, bode diagram in case of setting g to 0.1 and changing the nominal values and sensing
values of temperature are shown in Figs. 4-13 and 4-14. In Fig. 4-13, estimation of heat flow has not
affected by the error of nominal value used at the observer when Rn and Cn have the same error in
low frequency. In the case that these errors are different (the violet line), there are a stationary error
between true value and estimation value. In Fig. 4-14, the estimated value is hardly affected by the
measurement error of temperature in low frequency. However, the measurement error influences the
accuracy of estimation a little in the case of changing the difference in temperature of the sensor (the
violet line). Detection error is calculated as
e =
 jq^k+1j+q^k+1
(jq^kj+q^k) + (jq^k+1j+q^k+1)  
jq^k+1j
jq^kj+ jq^k+1j

L
=
 jq^kjq^k+1   jq^k+1jq^k
(jq^kj+ jq^k+1j) (jq^kj+q^k + jq^k+1j+q^k+1)

L; (4.39)
where e and q^ denote the error of detection contacting point and error of estimated heat flow, respec-
tively. When e is 0, estimated heat flow is derived as
q^k
q^k+1
=
q^k
q^k+1
: (4.40)
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Fig. 4-14: Bode diagram of temperature sensor error.
That is to say if the ratio between each error of estimated heat flow is equal to the ratio between each
actual heat flow, these error does not affect to detect contacting point. Therefore, the measurement error
of the temperature sensor and estimated error do not affect detection directly.
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Fig. 4-15: Experimental setup for verifying virtual thermal conductance control in case of N = 2.
Table 4.2: Parameters of experiments for verifying virtual thermal conductance control with detection.
Para. Description Value
Rn Nominal thermal resistance 8.47 K/W
Cn Nominal thermal capacitance 0.71 J/K
Kp1 Proportional gain 0.5
Kp2 Proportional gain 0.5
n Seebeck coefficient 0.01 V/K
g Cut-off frequency of HDOB 0.1 rad/s
gp Cut-off frequency of pseudo differential 0.1 rad/s
qth Threshold of q^in 0.01 W
Rendering Method for Two Points
In the experiments, two contacting points are detected and controlled by using two Peltier devices.
Fig. 4-15 shows an experimental setup. The Peltier devices are attached at both edges of the copper plate
with the size of 60 mm10 mm0.5 mm. There are three temperature sensors used for a control that
are placed at the left, center and right side of the plate (the red color), while two temperature sensors are
used for verification that are placed between the red colored sensors (the blue color). These sensors are
soldered at the backside of the plate. Here, subscripts 1, 2, 3, A and B denote the left, center, right part
of the plate, and locations of contacting point. The vector C is derived by

TA
TB

=
 xA
30
30 xA
30 0
0 30 xB30
xB
30
24 T1T2
T3
35
= C
24 T1T2
T3
35 ; (4.41)
– 97 –
CHAPTER 4 TWO-DEGREE-OF-FREEDOM HEAT CONDUCTION SYSTEM
 0
 20
 40
 60
 0
 20
 40
 60
 50  100
C
o
n
ta
ct
 p
o
si
ti
o
n
 [
m
m
]
 Time [s] 
 140
x
B
x
A
ref. ref. est. est. x
A
x
B
contact
contact
 G=∞
G=0.3, 0.2
 30
Fig. 4-16: Detection results of contacting point with virtual thermal conductance control.
which the length of copper plate is 60 mm. The estimated heat inflows from three HIOBs are estimated
as
 q^in1 = q^dis1  
T1   T2
Rn
g1
s+ g1
(4.42)
 q^in2 = q^dis2  
T2   T3
Rn
g2
s+ g2
(4.43)
 q^in3 = q^dis3 : (4.44)
These values are used to detect contacting points and design thermal conductance control. When fingers
contact the copper plate, heat inflow (  qinA and  qinB ) enters from the fingers to the plate. Then the
HIOBs located in each part of the plate estimate them ( q^in1 ,  q^in2 and  q^in3 ). Through the detection
algorithm, contacting positions are detected. When the absolute value of estimated heat inflow is over
0.001 W, contacting points are detected by using the ratio of each estimated heat inflow. Then, the
estimated heat inflows are added to the command of temperature at the touching points, and thermal
conductance control is conducted at these two points.
Outline of Experiments
Two contacting points denote xA and xB. In the experiments, relative temperature of T1 and T3 are
controlled to be 2.0 and 1.0 K in the first 30 s (xA = 0 mm and xB = 60 mm). After 30 s, a human
fingers contact with two points of the copper plate at the same time(xA = 20 mm and xB = 45 mm). Here,
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Fig. 4-17: Experimental results of temperature responses (G  1).
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Fig. 4-18: Experimental results of temperature responses (G = 0.3, 0.2).
estimated locations of the contacting points are used for control. The relative temperature command of
x^A is set at 2:0 K and x^B is set at 1:0 K. The temperature response in the case of G  1 was compared
to the case of G = 0.3, 0.2. The values of the parameter used for the experiment are shown in Table 4.2.
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The value of  is adjusted so that the output of HIOB q^in1 becomes 0 in case.
Results of Experiments
Fig.4-16 shows actual and estimated value of contacting points. The position of controlling temper-
ature is 0 mm and 60 mm until 30 s, then 20 mm and 45 mm after touching the plate. Both the case of
G  1 andG = 0.3 (xA), 0.2 (xB), the estimated value of positions follow the true value, and detection
of contacting points is realized accurately. In Fig. 4-17, the temperature response approaches to the ref-
erence 2.0 K and 1.0 K when the virtual thermal conductance G is set to infinity. It means that the heat
inflow at the left part is completely compensated. On the other hand, in the case of G = 0.3, 0.2 W/K
shown in Fig. 4-18, temperature is modulated according to the value of qin. Then, temperature tracks
to the modified reference. These results indicate that the amount of heat inflow to take into the system
can be adjusted by the virtual thermal conductance controller. From these results, virtual thermal con-
ductance control with detection is achieved at the contacting points and the thermal response is changed
virtually. Therefore, the case that SC has a value when x is L/3 was verified by some experiments.
Summary of This Section
This section discussed the virtual thermal conductance control method for rendering thermal sensation
taking a spatial change of temperature and heat flow into account. Here, SC is set to have a certain value
using a lumped parameter model. By estimating heat inflow based on HIOB, contacting points were
detected and virtual conductance control was conducted that the amount of heat inflow to take into the
system was adjusted at contacting locations. It can achieve to change thermal response at multiple points
and render spatial thermal sensation to the points by changing SC. The validity of the constructed system
was checked through experiments. The proposed method can be expected to be applied to render thermal
sensation of infinite contacting point and is a first step of spatially expanding the rendering of human
sensation.
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Fig. 4-19: Modeling of heat conduction system based on two thermal diffusion equations.
4.3 Modeling Based on a Distributed Parameter System
4.3.1 Modeling of Heat Conduction System
In this section, the heat conduction system attached to two Peltier devices is modeled and controlled
by using a distributed parameter system. Here, the model based on a thermal diffusion equation has a
high spatially controlled thermal conductance SC because x closes to 0 when the equation is derived
and temperature control is conducted using the model. Heat conduction system with two heat sources
is expressed as two one-dimensional thermal diffusion equations in this dissertation. The experimental
verification about the assumption is conducted in the next section. Fig. 4-19 shows the axis of two
equations. The thermal equations, initial and boundary conditions of the heat conduction system are
shown as
 As for the heat source attached to left side of the wire
@T (t; x)
@t
= c2
@2T (t; x)
@x2
(4.45)
@T (0; x)
@t
= 0 (4.46)
T (t; 0) = u1(t) (4.47)
@T (t; L1)
@x
= 0 (4.48)
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Fig. 4-20: Experimental results of temperature responses (Data 1).
 As for the heat source attached to right side of the wire
@T (t; x)
@t
= c2
@2T (t; x)
@x2
(4.49)
@T (0; x)
@t
= 0 (4.50)
T (t; 0) = u2(t) (4.51)
@T (t; L2)
@x
= 0 (4.52)
where T , t, x, c stand for temperature, time, space, and thermal diffusivity, respectively. By using the
boundary and initial conditions, the transfer functions, G1 and G2, from position 0 to L1, L2 are derived
as
G(s; L1) =
T (s; L1)
T (s; 0)
=
2e 
L1
c
p
s
1 + e 2
L!
c
p
s
(4.53)
G(s; L2) =
T (s; L2)
T (s; 0)
=
2e 
L2
c
p
s
1 + e 2
L2
c
p
s
: (4.54)
4.3.2 Verification for Superposition of Heat
In the case of modeling the heat conduction system with two heat sources using a distributed parameter
system, two one-dimensional thermal diffusion equations are used when the heat conduction is expressed
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Fig. 4-21: Experimental results of temperature responses (Data 2).
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Fig. 4-22: Experimental results of temperature responses (Data 3).
as heat superposition. The heat characteristics of superposition was verified by some experiments. Two
heat sources are attached to the left and right sides of the copper plate, and three kinds of data were
obtained as follows.
 Data 1: Sweep signal is applied to the heat source attached to the left side of the plate.
– 103 –
CHAPTER 4 TWO-DEGREE-OF-FREEDOM HEAT CONDUCTION SYSTEM
     
0
0.2
0.4
0.6
0.8
1
T
em
p
er
at
u
re
 r
es
p
o
n
se
s 
(o
u
tp
u
t)
50 100
Time
-1
-0.5
0
0.5
1
0
R
ef
er
en
ce
 c
u
rr
en
t 
(i
n
p
u
t)
Data 1+2
Data 3
Fig. 4-23: Experimental results of temperature responses comparing to Data 1+2 and Data 3.
 Data 2: Sweep signal is applied to the heat source attached to the right side of the plate.
 Data 3: Sweep signals are applied to the heat source attached to the left and right sides of the plate.
Here, current reference (0.1sin(2**0.01t2)) was added as a sweep signal in each heat source. The
experimental results of time series and frequency responses are shown in Figs. 4-20 to 4-24. From Fig.
4-24, the frequency responses of Data 3 are roughly the same with the value of summation of Data 1 and
2. In addition, it is found that each temperature response was not influenced to the other side of the heat
source. Therefore, it can be said that multiple heats can be expressed as a superposition of heat.
4.3.3 Temperature Control Using Two Heat Sources
Control system for temperature control of two points
In the control system, the damping and delay compensations explained in the previous chapter were
used in each heat source. The damping compensator in each heat source is calculated as
qcmp =   c

1p
s
qin(s; 0): (4.55)
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Fig. 4-24: Experimental results of frequency responses comparing to Data 1+2 and Data 3.
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Fig. 4-25: Experimental setup for temperature control based on a distributed parameter system.
The delay compensator in each heat source is described as
T cmph =
gh
s+ gh

 nTa
Cns
Iref   T (s; L)

: (4.56)
Experiments were conducted in the next section.
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Fig. 4-26: Experimental results of temperature control to 1 K at two points.
Experimental Outline
The experimental setup is shown in Fig. 4-25. Two Peltier devices are attached to the copper wire,
that the length is 60 mm. Four thermocouples are attached to both sides and middle of the wire. Two
points T1 and T2 are controlled from both sides of the Peltier devices.
Experimental Results
Fig. 4-26 shows the experimental results of temperature control at two points where the commands are
set to 1 K. From Fig. 4-26, the temperature at the middle side of the copper wire can be controlled by the
damping compensation and delay compensation. By comparing to the value without the compensation,
it is said that these compensators work well in the control system. Therefore, the case that SC is set to
1 can be verified by some experimental results.
Summary of This Section
In this section, the heat conduction system with two heat sources is controlled based on a distributed
parameter system. Here, the case that SC is set to 1 is considered and temperature control at two
points at the load side of the system was controlled. By using superposition method, the heat conduction
system was modeled by two one-dimensional thermal diffusion equations. The system can be expressed
as a simple model with damping and delay elements when SC becomes1.
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Fig. 4-27: The relationship between SC and Chapter 4.
4.4 Comparing Distributed Parameter System to Lumped Parameter Sys-
tem
In this section, the lumped parameter model and the distributed parameter model is compared based on
SC. The relationship between SC and each chapter is shown in Fig. 4-27. As for the lumped parameter
model mentioned in Section 4.2, the size of the node x is derived as
x =
L
3
: (4.57)
Therefore, SC is shown as
SC =
q
T
3
L
: (4.58)
Thus, spatially controlled thermal conductance can be changed from 0 to1. When temperature control
is conducted, T closes to 0 and SC becomes 1. On the other hand, SC becomes 0 when heat flow
control is conducted, and q closes to 0. Thus, the parameter of SC can also be changed depending on
the location of the contact point in the case of using two heat sources. As for distributed parameter model
mentioned in Section 4.3, x closes to 0 such as
x  0; (4.59)
– 107 –
CHAPTER 4 TWO-DEGREE-OF-FREEDOM HEAT CONDUCTION SYSTEM
and the value of SC becomes1 shown as
SC  1: (4.60)
The model derived from a distributed parameter model has high stiffness and temperature control can
be conducted with high accuracy. Therefore, it can be said that a lumped parameter model is suitable to
control and change responses of a part of the heat conduction system, and a distributed parameter model
is appropriate to use control of the heat conduction system treating as a uniform thermal parameters.
4.5 Summary of Chapter 4
In Chapter 4, the modeling and control method of the two-degree-of-freedom heat conduction system
was explained. In the first half of Chapter 4, the heat conduction system was treated as three-capacitance
system and control system was constructed based on a lumped parameter system. The methods of tem-
perature and virtual thermal conductance control with detection of two contact points were proposed.
The model using a thermal diffusion equation was proposed in the second half of Chapter 4 and the con-
trol system was constructed based on a distributed parameter system. The superposition of heat was used,
and the heat conduction system using two heat sources was modeled by two one-dimensional thermal
diffusion equations.
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Multi-Degree-of-Freedom Heat
Conduction System
5.1 Introduction
In this chapter, multiple Peltier devices are controlled using a lumped parameter system and a dis-
tributed parameter system. By treating multiple devices as a single system, temperature distribution on a
surface spreading over these devices can be controlled.
First, Section 5.2 explains the control method based on a lumped parameter model. The method
defines the virtual thermal conductance used for connecting each Peltier devices. Second, the control
method based on a distributed parameter model is introduced in Section 5.3. Finally, both methods are
compared to each other in Section 5.4.
5.2 Modeling Based on a Lumped Parameter System
5.2.1 Virtual Distributed Thermal Conductance Between Heat Sources
It is difficult to render a continuous thermal sensation in the case of using multiple heat sources. This
is because the number of heat sources are smaller than the spatial resolution of the human finger. The
proposed method considers the heat flow on the surface to solve the problem.
In this section, virtual heat conduction between multiple heat sources is considered. Each heat source
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Fig. 5-1: The concept figure of the virtual distributed thermal conductance control.
is modeled by one thermal capacitance as a lumped parameter model, and SC is defined as
SC =
G
x
: (5.1)
Here, G and x stand for virtual thermal conductance between heat source and virtual heat conduction
and the size of a heat source, respectively. The control method of virtual heat flow between multiple heat
sources is proposed in this section. The objective of this section is shown in Fig. 5-1. The method for
sensing and rendering a continuous thermal sensation is discussed by spreading multiple Peltier devices
on a surface as a thermal display. The section defines “virtual distributed thermal conductance” that the
relationship between heat sources and heat flow on the thermal display can be freely changed depending
on the connectivity between heat sources. The proposed method can control the desired temperature
distribution on the surface of the thermal display. Some experiments and simulations are conducted to
confirm the control method.
Modeling of Multiple Peltier Devices
The model of heat flow derived from the Peltier device is expressed as
qref =  TaIref ; (5.2)
where q, , Ta, I , and subscript ref stand for heat flow, Seebeck coefficient, ambient temperature, electric
current, and reference value, respectively. In the system, disturbance heat flow qdis is considered. The
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Fig. 5-2: Block diagram of the heat source for the virtual distributed thermal conductance control.
block diagram of the Peltier device is shown in Fig. 5-2. Here, C, s, and subscript sen stand for thermal
resistance and thermal capacitance, a Laplace operator, and sensor value, respectively. From the model,
the Peltier device can be controlled by applying a current to the device. The thermal interface in this
section consists of some Peltier devices, and there are current inputs whose number depends on that of
devices.
In this method, multiple Peltier devices were connected by virtual distributed thermal conductance.
Thermal equations of multiple Peltier devices based on a thermal network method are calculated as
CsT seni;j =
1
Ri 1
 
T seni 1;j   T seni;j
  1
Ri
 
T seni;j   T seni+1;j

+
1
Rj 1
 
T seni;j 1   T seni;j
  1
Rj
 
T seni;j   T seni;j+1

; (5.3)
where i and j stand for the number of the devices. Here, virtual thermal conductance stands for inverse
of thermal resistance shown as
i =
1
Ri
(5.4)
j =
1
Rj
: (5.5)
Fig. 5-3 shows the connectivity of the Peltier devices.
Robust Control based on a HDOB
For controlling the temperature, the disturbance heat flow is shown as
 qdis =  qin   1
2
RpI
ref2   1
Rp
(Th   Tco) + TcI +CsT sen; (5.6)
where qin, qdis, Rp, Th, and Tco stand for the external heat flow, disturbance heat inflow, thermal resis-
tance of the Peltier device, temperature of the heat side of the device, and temperature of cool side of the
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Fig. 5-3: Model of multiple heat sources using the virtual distributed thermal conductance.
device, respectively. From (5.6), the disturbance consists of Joule heat, heat conduction from the back of
the device, and modeling error. By using the HDOB, estimated disturbance heat flow is derived as
 q^dis =   gd
s+ gd
qdis; (5.7)
where the superscript ˆ and gd stand for the estimated value, and cut-off frequency of the low-pass filter
of HDOB, respectively. The compensation current Icmpd is calculated as
Icmpi =  
1
nTc
q^dis; (5.8)
where the subscript n stands for the nominal value.
Virtual Distributed Thermal Conductance Control
The virtual distributed thermal conductances are defined between each device of the control system
using multiple heat sources. The virtual thermal conductance denotes the connectivity of adjacent each
Peltier device and it effects the characteristics of virtual thermal conduction between heat sources. Thus,
the different temperature distribution can be rendered by changing the value of the virtual thermal con-
ductance. The virtual thermal conductance is expressed as the inverse of thermal resistance shown as
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(5.4) and (5.5). The physical meanings of i and i are the index that decides longitudinal and transverse
of virtual heat conduction. The reference value of heat flow as distributed inputs are expressed as
qrefdij = q
ref
ij + q
int
i + q
int
j (5.9)
qinti = i 1
 
T seni 1;j   T seni;j
  i  T seni;j   T seni+1;j (5.10)
qintj = j 1
 
T seni;j 1   T seni;j
  j  T seni;j   T seni;j+1 : (5.11)
Virtual thermal conductance can be changed as
0 5 i 51 (5.12)
0 5 j 51: (5.13)
Here, the relationship between i, j , and SC is shown as
SCi =
1
i
1
x
(5.14)
SCj =
1
i
1
x
: (5.15)
Therefore, heat flow between heat sources occurs when SC has a value and heat interference does not
occur in the case that SC is set to 1. Temperature change by interference heat flow from the next
devices can be modulated by changing the value of the virtual thermal conductance. Equations (5.12)
and (5.13) mean that the value of the virtual thermal conductance becomes 0 when thermal interference
does not occur, and the heat flow is taken into the system in the case of the virtual thermal conductance
becomes larger. The amount of the heat flow taken into the thermal system can be decided by the value
of  and . When the value of the virtual conductance is set to 0, thermal interference does not occur
and each heat sources can be controlled independently. On the other hand, the thermal interference
occurs when the value of the virtual thermal conductance is set to over 0 and the connectivity of heat
sources can be changed depending on it. Therefore, spatial resolution rendering objects can be controlled
freely by using the virtual distributed thermal conductances. Fig. 5-4 show some examples of the virtual
distributed thermal conductances. It can be rendered the thermal sensation of grasping and spreading
motion by controlling the virtual distributed thermal conductance because the virtual distributed thermal
conductance is related to the connectivity of heat sources.
For instance, the Peltier devices on a finger and a palm are connected in the case of grasping a hot
object in case 1 in Fig. 5-4. In this case, the virtual heat conduction occurs on the finger and the palm
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Fig. 5-4: Example of the virtual distributed thermal conductance control.
and the virtual thermal conductance becomes large. On the other hand, heat is not transferred to the
finger enough in case 2 in Fig. 5-4, that the virtual thermal conductance between the finger and the palm
becomes small.
Whole system of the proposed method
In this section, virtual distributed thermal conductance is defined as a distributed command on the
thermal interface. The general view of the control system is shown in Fig. 5-5. Here, the Peltier
devices are controlled by the HDOB to remove disturbance factors of the control system. Firstly, virtual
distributed thermal conductance is selected based on the desired temperature distribution in the control
system. Each virtual thermal conductance of the Peltier devices is set and the virtual thermal conductance
control is conducted. Finally, the desired temperature distribution can be reproduced on the surface of
the thermal display.
Outline of Experiments
Fig. 5-6 shows the experimental setup. The size of the Peltier devices are 20 mm  20 mm. T sen1 ,
T sen2 , T
sen
3 stand for value of thermocouples. Three Peltier devices were spread on the same surface of the
heat sink. The thermocouples were attached to each device. Each temperature information of the Peltier
device is connected to adjacent Peltier devices. There are two kinds of experiments. T2 is controlled to 2
K in experiment 1, T3 is controlled to 2 K in experiment 2, and T2 is controlled to 7 K in experiment 3.
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Table 5.1: Parameter of experiments for verifying the virtual distributed thermal conductance control.
Parameter Description Value
n Nominal Seebeck coefficient 0.023 V/K
Cn Nominal thermal capacitance 2.0 J/K
gd Cut-off frequency for pseudo differential 0.5 rad/s
Kp Proportional gain 1.0
In the experiments, virtual distributed thermal conductances are set to as follows.
Experiment1 :

1
2

=

0:5
0:2

(5.16)
Experiment2 :

1
2

=

0:0
0:2

(5.17)
Experiment3 :

1
2

=

0:1(0:01)
0:1

(5.18)
In the experiment 3, virtual thermal conductance 1 is changed every 5 s. The parameter values used for
the experiment are shown in Table 5.1.
Experimental Results
Figs. 5-7, 5-9 and 5-11 show the temperature responses and Figs. 5-8, 5-10 and 5-12 show the
thermography of the experimental results. From Fig. 5-7, T res1 and T
res
3 rise depending on T
res
1 . In
particular, the speed of virtual heat conduction is different between T res1 and T
res
3 . It is because the
virtual thermal conductance 1 and 2 were set to the different value shown in (5.16). Therefore, virtual
heat propagation from T res2 is changed depending on the space virtually. From Fig. 5-9, heat from T3
transferred to T2, however, T1 does not to be changed. It means the left and the center of the Peltier
devices were not connected and thermal interference did not occur between T1 and T2. This is because
the virtual thermal conductance 1 is set to 0 shown in (5.17). From Fig. 5-11, virtual heat conduction
from T2 to T1 is changed every 5 s depending on the virtual thermal conductance shown in (5.18). It is
found that virtual heat conduction is controlled on the surface from these results. Hence, the temperature
distribution on the thermal display can be controlled by using the virtual distributed thermal conductance.
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Fig. 5-5: General view of the virtual distributed thermal conductance control.
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Fig. 5-6: Experimental setup for verifying the virtual distributed thermal conductance control.
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Fig. 5-7: Experimental results of the virtual distributed thermal conductance control (Exp. 1).
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Fig. 5-8: Thermography of the virtual distributed thermal conductance control (Exp. 1).
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Fig. 5-9: Experimental results of the virtual distributed thermal conductance control (Exp. 2).
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Fig. 5-10: Thermography of the virtual distributed thermal conductance control (Exp. 2).
Numerical Simulations of Nine DoF System
The numerical simulations using c language were conducted. Nine Peltier devices with the size of the
Peltier devices are 20 mm  20 mm are spread on the surface of the thermal interface. There are three
types of simulations (case. 1 and case. 2 in Fig. 5-4) that set to the different virtual distributed thermal
conductance. The reference value of temperature (relative temperature) T ref22 was set to 5 K in each cases.
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Fig. 5-11: Experimental results of the virtual distributed thermal conductance control (Exp. 3).
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Fig. 5-12: Thermography of the virtual distributed thermal conductance control (Exp. 3).
In this section, 2 cases of virtual thermal conductances are simulated shown as
case1 :2411 1221 22
31 32
35 =
240:1 0:10:1 0:1
0:1 0:1
35 (5.19)

11 12 13
21 22 23

=

0:1 0:1 0:1
0:1 0:1 0:1

(5.20)
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Fig. 5-13: Simulation results of the virtual distributed thermal conductance (case 1).
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Fig. 5-14: Simulation results of the virtual distributed thermal conductance control (case 1).
case2 :2411 1221 22
31 32
35 =
240:05 0:050:1 0:1
0:0 0:0
35 (5.21)

11 12 13
21 22 23

=

0:05 0:1 0:05
0:0 0:0 0:0

(5.22)
The sampling rate of the simulation is 1 ms.
Simulation Results
Figs. 5-13, 5-15 and Figs. 5-14, 5-16 show the virtual distributed thermal conductance value and
temperature responses after 20 s. From Figs. 5-14 and 5-16, temperature distribution can be rendered
based on the virtual distributed thermal conductance value shown in Figs. 5-13 and 5-15. In Fig. 5-14,
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Fig. 5-15: Simulation results of the virtual distributed thermal conductance (case 2).
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Fig. 5-16: Simulation results of the virtual distributed thermal conductance control (case 2).
virtual heat conduction occurs from center to the whole. All virtual thermal conductances were set to 0.1
and each heat sources were connected. It means that the thermal display can render grasping hot object
shown in case 1 of Fig. 5-4. In Fig. 5-16, virtual heat conduction occurs only the lower part of the
hand although the reference is the same with case1. The reason is that the virtual thermal conductance is
different between case 1 and 2. In this case, spatial sensation shown in case 2 of Fig. 5-4 can be rendered.
Therefore, it is found that the thermal conductance is virtually reproduced on the surface of the thermal
display. From these results, it can be said that the virtual distributed thermal conductance control makes
it possible to render the desired temperature distribution.
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Peltier device
Fig. 5-17: Wearable thermal interface developed in this dissertation.
Summary of This Section
In this section, the control method for changing the heat flow on the surface of the thermal display was
proposed. The thermal display was developed by spreading multiple Peltier devices on the surface, and
sensing and rendering the continuous thermal sensation was conducted by the proposed control method.
The section defined the relationship between heat sources as “virtual distributed thermal conductance”.
The parameter is related to SC, and heat flow on the between heat sources can be freely changed. By the
virtual conductance controller, the amount of virtual thermal interference to take into each heat source
was adjusted on the surface of the thermal display. The method were confirmed by some experiments
and simulations.
5.2.2 Application to Wearable Thermal Interface
Development of the Wearable Thermal Interface
The application of the virtual distributed thermal conductance mentioned in the previous section is
introduced. The method can be used for any cases of existing controllable multiple heat sources. This
dissertation developed a wearable thermal interface using two heat sources as an application example.
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Thermocouple
Thermocouple
Heat insulator
Fig. 5-18: Structure of the wearable thermal interface.
In the same way as the previous section, each heat source is modeled by a lumped parameter system,
and an amount of virtual heat conductance between fingers is decided by SC. The wearable thermal
interface developed in this study is shown in Fig. 5-17. The Peltier device was attached to the thumb and
index finger part of the glove. This section proposed a method to control virtual heat conduction between
fingers by setting virtual thermal conductance between two fingers of the glove. Two Peltier devices are
attached to the glove. The structure is shown in Fig. 5-18. Two Peltier devices (10 mm  10 mm) are
used as thermal actuators and these are attached to the glove; one device is attached to the thumb and
the other to the index finger. Two kinds of thermocouples are used in this wearable thermal interface for
sensing the temperature of the finger and the contact object. Thus, the temperature of the human finger
and contact object can be observed separately.
Modeling the Thermal Interface
Model of Heat Flow Through the Thermal Interface
The model of thermal phenomena based on the thermal network method is shown in Fig. 5-19. Here,
T th, T in, T con, Rth con, Rin con, and Rth in stand for temperature of thumb, index finger, contact
object, and virtual thermal resistance between thumb and contact object, index finger and contact object,
index finger and contact object, respectively. The Peltier devices attached to two fingers are connected
via a virtual thermal conductance G. The virtual thermal conductance, which is the inverse of thermal
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Contact object
qth-con
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G
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virtual heat conduction
Joule heatJoule heat
Peltier effectPeltier effect
T con
Rth-in
Fig. 5-19: Model of wearable interface based on a thermal network method.
Peltier devices
Fig. 5-20: Experimental setup for verifying the control method using wearable interface.
resistance, is expressed as
G =
1
Rth in
: (5.23)
Therefore, the virtual thermal conductance varies depending on the material of the contact object. The
virtual heat conduction on the hand can be changed based on the virtual thermal conductance. Here, the
relationship between  and SC is shown as
SC =
G
x
: (5.24)
When SC has a small value, heat flow between heat sources occurs, and virtual heat interference does
not occur in the case that SC is set to1.
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Fig. 5-21: Experimental results of temperature at the thumb and the index finger (case 1).
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Fig. 5-22: Experimental results of temperature at the thumb and the index finger (case 2).
Outline of Experiments
Fig. 5-20 shows the experimental setup. A test subject wears the glove and holds hot coffee and ice
coffee mutually. In this experiments, temperature command of the device attached to the index finger
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was derived from the temperature response of the thumb. Two experimental configurations were set, in
which the virtual thermal conductance G was set to 1.0 K/W (case 1) and 0.1 K/W (case 2). By using
(5.23), the two heat sources in the thermal interface are connected by the virtual thermal resistance 1.0
K/W and 10.0 K/W, respectively. It means that virtual heat conduction between fingers in the thermal
interface changes depending on the value of G.
Experimental Results
Figs. 5-21 and 5-22 show the temperature responses at the thumb and the index finger. Fig. 5-21
shows that almost similar temperature responses were observed in case 1 at the index finger and the
thumb. The reason of delay between responses of the index finger and the thumb is that the command of
the index finger was calculated from the thumb one. On the other hand, temperature responses slightly
changed in case 2, as shown in Fig. 5-22. It means that virtual heat conduction changes depending on
the value of G. These results indicate that virtual material can also be rendered between two fingers.
Summary of This Section
The application of the virtual distributed thermal conductance mentioned in the previous section was
introduced. This dissertation developed a wearable thermal interface using two heat sources as an ap-
plication example. The study proposed a method to control virtual heat conduction between fingers by
setting virtual thermal conductance between two fingers of the glove. The experimental results indicate
the validity of the proposed method. The method can be used for any cases of existing controllable mul-
tiple heat sources, and applying the method to other thermal interface using many heat sources will be
conducted in the future works.
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Fig. 5-23: The concept figure of virtual heat conduction control.
5.3 Modeling Based on a Distributed Parameter System
5.3.1 Virtual Heat Conduction Between Heat Sources
In this section, virtual heat conduction between heat sources mentioned in the previous chapter is
modeled by a thermal diffusion equation. Each heat source is also modeled by one thermal capacitance
as a lumped parameter model, and SC is defined as
SC =
G
x
: (5.25)
Here, G and x stand for virtual thermal conductance between a heat source and virtual heat conduction
and the size of a heat source, respectively. Thus, the virtual heat flow between heat sources changed
depending on the parameter G. This section discusses the case that G closes to 0. In other words,
each heat source is influenced by heat flow from other heat sources. Generally, an expression ability
of thermal system is determined by the number of heat sources. However, the number of usable heat
sources is limited because of mechanical problems. To solve this problem, the control method that model
derived from a thermal diffusion equation is used between two heat sources is proposed in this section.
The objective of this section is shown in Fig. 5-23. By using the proposed method, the freely-selected
point of the virtual heat conduction can be expressed by only one heat source. Therefore, infinity nodes
of virtual heat conduction can be reproduced by selecting the desired node. The method is expected to
extend the technology for controlling multiple actuators or heat sources as a surface. Some experiments
and simulations are conducted to confirm the proposed method.
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Advantage of the Proposed Method
The advantage of the proposed method is the rendering ability of a single actuator can be improved.
In general, the functionality of the control system is determined by the number of actuators involved the
system. As for the thermal display, many heat sources are needed to render a precise thermal sensation.
However, the control system becomes large as the number of heat sources increases, and the number of
usable heat sources is limited. This dissertation focuses on this point. In the proposed method, command
of each heat source includes thermal dynamics of all positions. Therefore, it is possible to render a freely
selected point of virtual heat conduction and the position of rendering point can be changed as needed
by using the proposed method. Accordingly, expressed resolution can be improved by using a limited
number of heat sources. The method can be applied to every system of actuators array, not only thermal
display.
Precondition of the Thermal System
There are some preconditions for modeling in this dissertation. As for a whole thermal system,
 Multiple heat sources are arranged in a line.
 Real heat interference between heat sources does not occur.
 Virtual heat conduction is controlled between heat sources.
 One heat source is treated as single point.
(The size of the heat source is not considered in this model).
As for virtual heat conduction,
 One-dimensional heat conduction is considered.
 The law of the conservation of energy (first law of thermodynamics) is established.
 The Fourier’s law (second law of thermodynamics) is established.
 Radiation of heat is not considered.
 Thermal parameter of heat conduction is uniform.
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Fig. 5-24: Modeling of thermal system for controlling temperature distribution.
q(s,0) q(s, x)
Fig. 5-25: Block diagram of virtual heat conduction based on a thermal diffusion equation.
Composition of the Thermal System
The thermal system used in this section consists of multiple heat sources, called Peltier devices. The
array of heat sources are called ’thermal display’ in this dissertation. Thermal phenomena in the thermal
display are modeled by using a thermal network method. The model is shown in Fig. 5-24. Here, Cv,
Rv, Cp, Rp, Re, , I , Ta, Tp, and Tpb stand for virtual thermal conductance, virtual thermal resistance,
the one of the Peltier device, electric resistance, Seebeck coefficient, current, ambient temperature, and
temperature of both sides of the Peltier device, respectively. In the case, heat conduction between two
Peltier devices is a virtual one. By using the model, virtual heat conduction can be expressed by using a
single heat source.
Modeling of Virtual Heat Conduction
By using the precondition mentioned in the previous section, virtual heat conduction between two heat
sources are modeled based on a thermal diffusion equation. In this section, the heat flow dimensional
equation is used because the derived model of heat conduction becomes a simple one. The equation is
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expressed as
@q(t; x)
@x
= c
@0:5q(t; x)
@0:5t
(5.26)
c =
r
cs

=
r
1
cd
; (5.27)
where t, x, q, cs, , , and cd stand for time, space, heat flow, specific heat, density, and thermal diffu-
sivity, respectively. Here, the relationship between temperature and heat flow [97, 98] can be calculated
as
q(t; x) = c
@0:5
@t0:5
T (t; x) (5.28)
q(t; x) =
@
@x
T (t; x); (5.29)
where T denotes temperature. The initial condition is set as
q(0; x) = 0: (5.30)
By using (5.30), the solution of (5.26) is derived as
q(s; x) = e cx
p
sq(s; 0); (5.31)
where s denotes the Laplace operator. The block diagram of the fundamental model is shown in Fig.
5-25. In the case of Dirichlet boundary condition, heat flow from both sides of heat sources can be
calculated as
q(s; x) = e cx
p
sq(s; 0) + e (L x)c
p
sq(s; L): (5.32)
Implementation of Distributed Parameter Model
To implement the model derived in the previous chapter, the order of the model is reduced by an
approximation method. e 
p
Ts can be approximated using power series expansion shown as
e 
p
Ts =
1
e
p
Ts
 1
1
2
p
Ts
2
s+
p
Ts+ 1
(5.33)
=
1
T
2 s+
p
Ts+ 1
:
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Fig. 5-26: Bode diagram of approximated model comparing to the theoretical value.
In this dissertation, Oustaloup’s filter [97, 98] is used to implement (5.32). The definition of the filter is
shown as
s  K
NY
k= N
s+ !0k
s+ !k
(k =  N; :::; N) (5.34)
!0k = !b

!h
!b
 k+N+(1 )=2
2N+1
(5.35)
!k = !b

!h
!b
 k+N+(1+)=2
2N+1
(5.36)
K =

!h
!b
  
2
NY
k= N
!k
!0k
; (5.37)
where , N , !b, and !h stand for order of the Laplace operator, order of the filter, low frequency limit,
and upper frequency limit, respectively. Fig. 5-26 shows a bode diagram of the approximation model
comparing to the theoretical model. In this case, x is set to 15 mm, and the thermal diffusivity of copper
is used for calculation. !b and !h were set to 10 2 rad/s and 102 rad/s, respectively. The transfer function
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of the thermal model after approximation is shown as
q(s; x)
q(s; 0)
= e cx
p
s
 0:2921s+ 0:004021
s2 + 0:3755s+ 0:004203
=
0:2903
s+ 0:3640
+
0:0018
s+ 0:0115
: (5.38)
Here, N is set to 2, because it is enough to verify the proposed method within the bandwidth between
10 2 rad/s and 102 rad/s. To increase the resolution of the proposed method, the order of the filter has to
be increased.
Modeling of Peltier Device
Peltier devices are used as a heat source in this method. The Peltier devices are thermoelectric ele-
ments and used for a heating/cooling surface on the thermal display. It generates heat based on the Peltier
effect, and the reference value of the heat flow generated from the device is described as
qref =  TaIref ; (5.39)
where subscript ref stands for the reference value of the Peltier device. Therefore, Peltier device can be
controlled by a current.
Control Algorithm of the Heat Conduction System
The whole block diagram of the control system is shown in Fig. 5-27. Subscript `, r, x, Kpt, Kdt,
Kph, Kdh, subscript cmd, cmp, dis, and res stand for the left, right side, position x, and proportional
and differential gain of temperature and heat flow control, command value, compensated value, distur-
bance, and response, respectively. Here, the Peltier devices are controlled robustly by a heat disturbance
observer [44] to remove disturbance factors such as unnecessary heat flow generated into the control sys-
tem. As for the Peltier devices that are used as boundary heat sources, temperature control is conducted.
The command will be explained in the next section.
Control System for Virtual Heat Conduction
The command of heat flow is calculated as
qcmd = e cx
p
sq` + e
 (L x)cpsqr; (5.40)
– 132 –
CHAPTER 5 MULTI-DEGREE-OF-FREEDOM HEAT CONDUCTION SYSTEM
where q` and qr stand for heat flow of the boundary heat sources. From (5.40), heat flow command is
changed depending on x. Therefore, heat flow at the selected point can be expressed using virtual heat
conduction from q` and qr. The command is used for controlling the Peltier device as if any point of
heat conduction can be rendered. The devices for rendering virtual heat conduction are controlled by
using the heat flow command derived from (5.40). In the next section, some experiments are conducted
to verify the validity of the proposed method.
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Fig. 5-27: Block diagram of the whole system for controlling temperature distribution.
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Fig. 5-28: Experimental setup of virtual heat conduction system.
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Fig. 5-29: Outline of the experiments for verifying the control method of temperature distribution.
Outline of Experiments
Fig. 5-28 shows the experimental setup of virtual heat conduction system. Four Peltier devices were
spread on the same surface of the heat sink, and four thermocouples and heat flux sensors. Here, the
device number is set such as devices 1, 2, 3, and 4, respectively. The size of the Peltier device is 20 mm
 20 mm. Thermal parameters of the virtual heat conduction were set based on a copper material with
the length (L) is 45 mm. There are three kinds of experiments. The outline of the experiments is shown
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Table 5.2: Parameter of experiments for verifying the control method of temperature distribution.
Parameter Description Value
Kpt Proportional gain for temperature control 1.0
Kdt Differential gain for temperature control 2.0
Kph Proportional gain for heat flow control 7.0
Kdh Differential gain for heat flow control 3.74
n Nominal Seebeck coefficient 0.023 V/K
Cn Nominal thermal capacitance 2.0 J/K
gd Cut-off frequency for pseudo differential 1.0 Hz
gi Cut-off frequency for HDOB 1.0 Hz
L Length of virtual conduction material 45 mm
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Fig. 5-30: Experimental results of exp. A.
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Fig. 5-31: Bode diagram of heat flow comparing the experimental results and the theoretical value.
in Fig. 5-29.
First, implemented heat conduction model was verified. The left side of the device (device 1) was
controlled to 1 K, and the command of the right side of it (device 2) was monitored in the case of exp. A.
The command of heat flow was compared to the real heat conduction using a copper wire, that is attached
heat source at the left side of the wire. The length of the wire is also 45 mm. The experimental results
were also compared to simulation results that are derived from the theoretical value at a selected point
of virtual heat conduction material. Besides, frequency characteristics between the response of heat flow
and the command of heat flow derived from it were verified. Here, sweep signal was applied for 100 s,
and the frequency was changed from 0.01 rad/s.
Second, the control method of virtual heat conduction was verified. In the case of exp. B-1, the
temperature of the left side of the device (device 1) was controlled to 1 K. The devices 2, 3, and 4 were
controlled from the command of heat flow based on (5.40). In this experiments, x was set to 15 mm
(L/3), 30 mm (2L/3), and 45 mm (L) (exp. B-1). In the exps. B-2, B-3, and B-4, the temperature of both
sides of the devices (device 1, device 4) were controlled to 1 K and  1 K. As for other devices, x used
for the command of heat flow is changed. In the case of exp. B-2, the command of devices 2 and 3 were
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Fig. 5-32: Experimental results of exp. B-1.
set to 5 mm (L/9) and 40 mm (8L/9) from the left. In the case of exp. B-3, the command of devices 2
and 3 were set to 15 mm (L/3) and 30 mm (2L/3) from the left. In the case of exp. B-4, the command of
devices 2 and 3 were set to 22.5 mm (L/2). The parameter values used for the experiment are shown in
Table 5.2.
Verification of Implemented Heat Conduction Model
Fig. 5-30 (a) shows heat flow command of virtual heat conduction and the responses of real heat
conduction in case of exp. A. The response of heat flow was calculated from temperature response
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Fig. 5-33: Experimental results of exps. B-2, B-3, and B-4.
of thermocouples attached to the wire. From Fig. 5-30 (a), the command of heat flow is almost the
same as the real one. Thus, it can be said that the command of heat flow derived from (5.40) can be
expressed by a real heat conduction. Fig. 5-30 (b) shows the transient responses of temperature value in
the case of exp. A. These experimental results were compared to the simulation values that are derived
from the theoretical values at the selected point of virtual heat conduction material. From Fig. 5-30
(b), temperature responses are almost the same as the simulation results. Therefore, it is found that
temperature responses can be controlled to the thermal model based on a thermal diffusion equation.
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The bode diagram of the heat flow response of the device 1 and the heat flow command of device 2 is
shown in Fig. 5-31. From Fig. 5-31, the frequency characteristics are almost same with the theoretical
value within the bandwidth between 10 2 rad/s and 102 rad/s. Therefore, the thermal model derived in
this section can be implemented in the experiments.
Verification of Virtual Heat Conduction Control
Figs. 5-32 (a) and (b) show the temperature and heat flow responses in case of exp. B-1, respectively.
From Fig. 5-32 (a), the transient responses and the attainment temperature of each case are different.
In particular, the wider the position between the boundary heat sources, the slower heat conducts. It is
because the model of virtual heat conduction is changed depending on the position on the heat conduction
material. From Fig. 5-32 (b), the command value of heat flow becomes large depending on the rendered
position. Therefore, the heat flow command is changed depending on rendered position, and temperature
responses are changed accordingly. In this experiments, the virtual heat conduction is slow because of
using the theoretical value of copper wire with the length is 45 mm. Conduction speed can become faster
if the thermal diffusivity is set to the larger value. Figs. 5-33 (a) and (b) show the temperature and heat
flow responses in case of the exps. B-2, B-3, and B-4, respectively. From Figs. 5-33 (a) and (b), selected
point from Fig. 5-29 can be rendered. There is a tendency that heat flow command is effected from the
closer boundary heat source. From these results, a freely-selected point of virtual heat conduction can be
rendered using a limited number of heat sources.
Summary of This Section
In this section, the method that model derived from a thermal diffusion equation is used between two
heat sources was proposed. This section discusses the case that SC closes to 0. Thus, each heat source
is influenced by heat flow from other heat sources by using heat flow controller. By using the virtual
heat conduction, a freely-selected point of the virtual heat conduction can be expressed by only one heat
source. Therefore, infinity nodes of virtual heat conduction can be reproduced by selecting the desired
node. The validity of the method was verified by some experimental results. The method is expected to
extend the technology for controlling multiple actuators or heat sources as a surface.
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Peltier devices
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Fig. 5-34: Finger stall for rendering thermal sensation developed in this dissertation.
5.3.2 Modeling and Control Based on Two-Dimensional Thermal Diffusion Equation
In this section, the finger stall in which four heat sources are attached is developed and its control
method for rendering spatial thermal sensation is proposed. Here, the model based on a thermal diffusion
equation has a high spatial control stiffness SC because x closes to 0 when the equation is derived
and temperature control is conducted using the model. The finger stall for rendering thermal sensation
developed in this dissertation is shown in Fig. 5-34. The four heat sources are attached to the copper
plate, and the human finger is thermally stimulated by touching the plate. The temperature distribution
on the copper plate is modeled based on a a two-dimensional thermal diffusion equation, and spacial
thermal sensation can be rendered using the proposed system. Some experiments were conducted to
verify the proposed thermal system and its control system.
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Back of the interface Front of the interface
Fig. 5-35: Structure of the developed finger stall.
Advantage of the Proposed Method
The advantage of the proposed method is to render the spatial thermal sensation by using a simple
model. As for a thermal interface, many heat sources are needed to render a precise thermal sensation.
However, the number of heat sources that can be used is limited to attach to the fingertip as much
as human resolution. In the proposed method, the thermal model for control system includes thermal
dynamics. Therefore, it is possible to render a two-dimensional surface by controlling the limited number
of heat sources. The method can be applied to all system of actuators array, not only thermal display.
Structure of the Developed Finger Stall
Fig. 5-35 shows the structure of the developed finger stall. The interface consists of four Peltier
devices, copper plate, and the plate that is covered by a silicon finger stall. In the back of the interface,
the Peltier devices are attached to the copper plate. Human finger touches the front side of the interface.
In the next section, the modeling of the interface is discussed.
Precondition of the Modeling
There are some preconditions for modeling. As for the developed finger stall,
 Four heat sources are attached on the copper plate.
 Temperature on the plate can be expressed as a superposition of heat.
 The thermal system can be modeled by dividing into four parts.
As for heat conduction on the copper plate,
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Fig. 5-37: Modeling of heat conduction dividing into four parts.
 Two-dimensional heat conduction is considered.
 The law of the conservation of energy (first law of thermodynamics) is established.
 The Fourier’s law (second law of thermodynamics) is established.
 Radiation of heat is not considered.
 Thermal parameter of heat conduction is uniform in x and y axis.
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Fig. 5-38: Modeling of heat conduction based on two-dimensional thermal equation.
Modeling of the Developed Finger Stall
The finger stall for rendering thermal sensation developed in this dissertation consists of four Peltier
devices. The Peltier devices are used to reproduce hot/cold sensations by controlling currents. The model
based on a thermal network method is shown in Fig. 5-38. Here, subscript c, subscript p, C, R, Re, ,
I , Ta, Tp, and Tpb stand for a parameter of thermal conduction, a parameter of Peltier device, thermal
conductance, thermal resistance, electric resistance, Seebeck coefficient, current, ambient temperature,
and temperature of both sides of Peltier device, respectively. In the model, a Peltier device is used
for a heat source, and copper plate is treated as a two-dimensional heat conduction system. The heat
conduction can be considered by dividing into four parts shown in Fig. 5-37. Here, temperature of
heat sources are named as TA, TB, TC, and TD and temperature of control points are named as Ta, Tb,
Tc, and Td. Heat conduction on the copper plate attached to four heat sources are modeled based on a
two-dimensional thermal diffusion equation shown as
@T (t; x; y)
@t
= c2

@2T (t; x; 0)
@x2
+
@2T (t; 0; y)
@y2

(5.41)
c2 =

cs
; (5.42)
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where c2, , , and cs stand for the thermal diffusivity, thermal conductivity, density, and specific heat,
respectively. The temperature input can be divided into two direction; x axis and y axis shown as
TA;B;C;D(t; x; y) = TA;B;C;D(t; x; 0) + TA;B;C;D(t; 0; y): (5.43)
The boundary conditions are set as
T (t; 0; y) = TA;B;C;D(t; 0; 0) (5.44)
T (t; x; 0) = TA;B;C;D(t; 0; 0) (5.45)
@T (t; Lx; 0)
@x
= 0 (5.46)
@T (t; 0; Ly)
@y
= 0: (5.47)
Moreover, the initial condition is expressed as
@T (0; x; y)
@t
= 0: (5.48)
By using the boundary and initial conditions, the temperature at position x can be derived as
T (s; x; y) =
e 
x
c
p
s + e 
(2L x)
c
p
s
1 + e 2
L
c
p
s
T (s; x; 0)
+
e 
y
c
p
s + e 
(2L y)
c
p
s
1 + e 2
L
c
p
s
T (s; 0; y); (5.49)
where s denotes the Laplace operator. Here, the thermal system is assumed that temperature on the plate
can be expressed as a superposition of heat. The block diagram of the fundamental model is shown in
Fig. 5-38. From Fig. 5-38, there is torsion of heat flow in the heat conduction model. The model of the
Peltier device is shown as
qref =  TaIref ; (5.50)
where subscript ref stands for reference value of the Peltier device.
Compensation of Heat Damping
There is a heat flow torsion in the heat conduction system and the heat damping occurs on the heat
conduction. The damping compensator is applied for two-dimensional heat conduction. The block
diagram of the damping compensator is shown in Fig. 5-39. Here, qin, A, B, Li, Dcmp, and T res are
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expressed as
qin =

qin(s; 0; y) 0
0 qin(s; x; 0)

(5.51)
Ie =

Iref 0
0 Iref

(5.52)
A =
  Ta 0
0  Ta

(5.53)
B =

1
Cs 0
0 1Cs

(5.54)
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Li =
"
gi
s+gi
0
0 gis+gi
#
(5.55)
Dcmp =
24 cq1s 0
0 c
q
1
s
35 (5.56)
T resp =

TA;B;C;D(s; x; 0) 0
0 TA;B;C;D(s; 0; y)

(5.57)
T resco =

Ta;b;c;d(s; x; 0) 0
0 Ta;b;c;d(s; 0; y)

; (5.58)
where Iref , s, gi, , c, qin, qcmp stands for reference value of electric current, Laplace operator, cut-
off frequency of the damping compensator, thermal conductivity, thermal diffusivity, external heat flow,
damping compensated heat flow, respectively. Here, thermal interference is not considered in this thermal
model and interference terms between two heat sources set to 0. The compensator was derived from the
relationship between heat flow and temperature shown as
q = 
@T
@x
: (5.59)
A heat inflow observer is used for estimating external heat flow from the copper plate, and the damping
compensator can be constructed by using the observer. qcmp can be derived by using (5.59) as
qcmp = T resp  MT resco
=  Dcmpqin; (5.60)
whereM stands for the model of two-dimensional heat conduction model. From (5.60), the heat flow
torsion can be compensated using the estimated heat flow at the end of the heat sources, heat conduction
parameter, and the fractional integrator.
Compensation of Propagation Delay
The thermal model also includes a delay element. Therefore, the heat compensator for delay compen-
sation is applied to two-dimensional heat conduction. The compensating temperature for the delay of the
thermal system is calculated as
T cmph = (AnBnIe   T resco )Lh; (5.61)
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where T cmph and Lh stand for the compensating temperature for delay of the thermal system and low-
pass filter for delay compensation, respectively. The block diagram of the heat compensator is shown in
Fig. 5-40. The delay of the thermal system can be compensated by using the model of the Peltier device.
Temperature Control Based on the Two-dimensional Thermal Diffusion Equation
The block diagram of the proposed control system is shown in Fig. 5-41. Here, T cmd andKp stand
for command value of temperature and proportional gain, respectively. The temperature of the control
points (Ta;b;c;d) are controlled by the damping compensator and the delay compensator. The control
system is used for one control point and one heat source, and there are four control systems are aligned
in parallel. The validity of the proposed method is verified through some experiments in the next section.
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Fig. 5-41: Block diagram of the control system using two-dimensional thermal diffusion equation.
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Fig. 5-42: Experimental setup using four Peltier devices.
Table 5.3: Parameter of experiments for verifying temperature control using finger stall.
Parameter Description Value
n Nominal Seebeck coefficient 0.002 V/K
Cn Nominal thermal capacitance 0.8 J/K
 Thermal conductivity 398 W/m  K
c Thermal diffusivity 110  10 6 m2/s
gd Cut-off frequency for pseudo differential 0.2 rad/s
gi Cut-off frequency of HIOB 10.0 rad/s
gh Cut-off frequency of heat compensator 1.0 rad/s
Kp Proportional gain for temperature control 0.04
Outline of Experiments
Fig. 5-42 shows the experimental setup. Thermocouples are attached to the Peltier devices and control
points on the copper plate. Ta, Tb, Tc, Td were controlled to 1 K (temperature difference). The parameter
values used for the experiment are listed in Table 5.3.
Experimental Results
Figs. 5-43 and 5-44 show the experimental results of temperature control with and without the damp-
ing and delay compensation. Here, temperature command of Ta, Tb, Tc, and Td was set to  1 K (tem-
perature difference), and responses without the compensation are treated as the conventional method.
From Figs. 5-43 and 5-44, the response speed of the proposed method was faster than the one without
the compensation. Fig. 5-45 shows the comparison of transient responses. From Fig. 5-45, it is clear
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Fig. 5-43: Experimental results in case of controlling to 1 K using damping and delay compensation (the
proposed method).
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Fig. 5-44: Experimental results in case of controlling to 1 K without damping and delay compensation
(conventional method).
that the following speed with the proposed compensator is faster than the conventional one and the pro-
posed compensator worked well in the transient responses. Fig. 5-46 shows the experimental results of
temperature control using the damping and delay compensator, when the command of Ta and Td set to
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Fig. 5-46: Experimental results in case of controlling to 1 K and 1.4 K.
1. 0 K and 1.4 K, respectively. From Fig. 5-46, temperature control can be conducted in the case of
setting the different temperature command. By comparing to the proposed and conventional responses,
the accuracy of the proposed one is improved. There are steady-state errors in both cases because of the
modeling error. It will be considered in the future works. Figs. 5-47 and 5-48 show the thermography
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Fig. 5-47: Thermography of the experiments (Ta, Tb, Tc, and Td was set to  1 K).
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Fig. 5-48: Thermography of the experiments (Ta, Tb, Tc, and Td was set to 1 K and 1.4 K).
of the above experiments. The left part of Fig. 5-47 shows the temperature distribution in the case that
each temperature was controlled to  1 K. The right part of Fig. 5-48 shows the one in case that each
temperature was controlled to 1 K and 1.4 K. From these experiments, the desired temperature distribu-
tion on the finger can be rendered by using the proposed compensator. As described above, the control
method based on a two-dimensional thermal diffusion equation can work in such interface with multiple
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heat sources.
Spatial and Temporal Resolution of the Control System
The spatial and time resolutions of the system are decided by the physical property of the heat con-
duction material. In the case of using uniform material, these resolutions are related to the number and
locations of heat sources and sensors. However, there is a possibility that they are decreased by heat
interference on the surface of the system. If the current compensation is over the power of the control
system, heat interference cannot be rejected. As for the experimental setup used in section 4.2.2, two
points can be controlled by two heat sources and spatial resolution is three parts because of attaching
three thermocouples. As for the experimental setup used in this section, four points can be controlled
by four heat sources. However, the amount of currents applied to the Peltier devices are limited and the
system can only control the temperature difference to about 0.5 K.
Summary of This Section
In this section, the finger stall attached four heat sources was developed and its control method for
rendering spatial thermal sensation was proposed. The temperature distribution on the copper plate is
modeled based on a two-dimensional thermal diffusion equation, and spacial thermal sensation can be
rendered using the proposed system. Here, the model based on a thermal diffusion equation has a high
spatially controlled thermal conductance SC because x closes to 0 when the equation is derived, and
temperature control was conducted using the model. The validity of the proposed method was verified
from some experimental results.
5.4 Comparing Distributed Parameter System to Lumped Parameter Sys-
tem
The modeling method based on a distributed parameter model was compared to a lumped parameter
model. The experimental set up is same with Section 5.3.1. The outline of the experiments are shown
in Fig. 5-49. Temperature response when the length of virtual heat conduction is set to 15 mm are
compared to the one based on a lumped parameter model. In this case, virtual heat conduction based on
a three-capacitance model was used as a conventional method. Fig. 5-50 shows temperature responses
comparing to virtual conduction derived from a lumped parameter model. From Fig. 5-50, transient
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response based on a distributed parameter model is close in theoretical value. However, there is an error
between response based on a lumped parameter model and the theoretical value. Thus, it is difficult to
render a transient response of temperature at selected point using a lumped parameter model, despite
complicated calculation of the thermal parameter is required. By using the proposed method, selected
point of virtual heat conduction can be rendered easily. Therefore, the validity of the proposed method
can be verified from some experimental results.
The relationship between SC and each chapter is shown in Fig. 5-51. In Sections 5.2 and 5.3, virtual
heat conduction between multiple heat sources was considered. Each heat source is modeled by one
thermal capacitance as a lumped parameter model, and SC is defined as
SC =
q
Tx
; (5.62)
where x stand for virtual heat conduction and the size of a heat source. The amount of the virtual
heat conduction between heat sources was changed depending on the rate between q and T , and SC
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Fig. 5-51: The relationship between SC and Chapter 5.
changed from 0 to1. In Section 5.4, the virtual heat conduction between heat sources is modeled based
on a thermal diffusion equation. Here, heat flow control was conducted and SC was set to 0. SC was
set to 1 in Section 5.4 and temperature control was conducted. The model derived from a distributed
parameter model has high stiffness and temperature control can be conducted with high accuracy. As
mentioned above, the relationship between control stiffness and spatial information can be realized based
on SC defined in this dissertation.
5.5 Summary of Chapter 5
In this chapter, modeling and control method of the multi-degree-of-freedom heat conduction was
explained. First part of this chapter treated the control method in the case that thermal interference does
not occur. Virtual distributed thermal conductance between heat sources was introduced, and virtual
temperature distribution on the thermal display can be controlled using the control method. Besides, the
wearable thermal interface was developed and virtual heat conduction between fingers was controlled
using the virtual distributed thermal conductance control. A distributed parameter system with multiple
heat sources was also treated. Then, the method for considering thermal interference was discussed.
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The method explained in Chapter 3 was applied to the multi-degree-of-freedom heat conduction, and
temperature distribution on the surface of the thermal interface was modeled and controlled. The finger
stall using copper plate and four Peltier devices was developed, and temperature control was conducted
by the damping and delay elements.
In the case of controlling the heat conduction system, the desired temperature gradient can be ex-
pressed on the surface of the thermal system. The temperature gradient becomes more complicated by
increasing the number of heat sources, and the proposed method will be verified by using many heat
sources.
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Conclusions
This dissertation proposed methods for modeling and control of the heat conduction system based on
spatial information. By modeling and constructing the control system using both lumped and distributed
parameter systems, the way of treating spatial and temporal information of thermal dynamics is revealed.
This dissertation defined the spatially controlled thermal conductance (SC) as a novelty control index.
As shown in Fig. 1-1 in the introduction, the dissertation proposed the basic theory for improving the
functionality of thermal interface, and it was verified by using the fundamental experimental setup.
The modeling theory of heat conduction system was explained in Chapter 2. There are two ways of
modeling; a lumped parameter model and a distributed parameter model. Both modeling methods are
considered based on SC and the proposed theory was discussed. SC defined sensitivity to a disturbance
heat flow that entered from a human finger in each contacting position. In other words, intermediate
control between temperature and heat flow can be conducted by using SC. Moreover, SC is related to
control stiffness of the lumped parameter model and distributed parameter model using the size of a node
of heat conduction model.
Chapter 3 showed a modeling and control method of one-degree-of-freedom heat conduction system
and the case that SC is set from 0 to1 was considered. In the first half of Chapter 3, heat conduction
system was treated as three-capacitance system and control system was constructed based on a lumped
parameter system. The contacting points can be detected by calculating the ratio of heat flow estimated
by observer set in each location of the heat conduction material. By using the detection algorithm,
temperature control at contacting points was conducted. Moreover, virtual thermal conductance control
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at any contacting points on the material was proposed. The method makes it possible to freely change
the thermal responses at the contacting point by setting the parameter of the virtual thermal conductance.
The model and control system using a thermal diffusion equation was proposed in the second half of
Chapter 3 and control system was constructed based on a distributed parameter system. Heat conduction
system can be expressed as a damping element and a delay element by using a thermal diffusion equation,
and it is easy to implement the control system using the model. These modeling and control methods are
core techniques in this dissertation and are used in different situations. Both methods were compared at
the end of the chapter.
Chapter 4 showed a modeling and control method of two-degree-of-freedom heat conduction system
and the case that SC is set from 0 to1 was considered. In the first half of Chapter 4, heat conduction
system was treated as three-capacitance system and control system was constructed based on a lumped
parameter system. The methods of temperature and virtual thermal conductance control with detection of
two contacting points were proposed. The general model was introduced and the method of detection and
temperature control atN points was discussed. In the case ofN close to 0, a distributed parameter model
can be derived. The model using a thermal diffusion equation was proposed in the second half of Chapter
4 and control system was constructed based on a distributed parameter system. The superposition of
heat was used, and the heat conduction system attached to two heat sources was modeled by two one-
dimensional thermal diffusion equations. Both methods are compared at the end of the chapter.
In Chapter 5, modeling and control method of multiple-dimensional heat conduction system was ex-
plained, and the case that SC is set from 0 to1 was considered. First of this chapter, the control method
in the case that real thermal interference does not occur. Virtual distributed thermal conductance be-
tween heat sources was introduced, and temperature distribution on the thermal display can be controlled
using virtual heat conduction. Besides, the wearable thermal interface was developed, and virtual heat
conduction between fingers was controlled using the distributed thermal conductance control. A dis-
tributed parameter system was also connected to multiple heat sources. The control method for making
the heat flow command derived from a thermal diffusion equation was proposed. Then, the method for
considering thermal interference was discussed. The method explained in Chapter 3 is applied to multi-
degree-of-freedom heat conduction system, and temperature distribution on the surface of the thermal
interface was modeled and controlled. The finger stall using copper plate and four Peltier devices was
developed and temperature control was conducted by using the damping and delay elements.
Therefore, this dissertation proposed SC and the various control method based on SC was discussed.
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It was found that SC can realize the relationship between a lumped parameter model and a distributed
parameter model based on spatial information, and the control stiffness can be changed spatially by
using the concept of SC. The advantage of this dissertation is that there is a possibility of the improving
functionality of the control system using a limited number of actuators and heat conduction material. By
using SC, control stiffness can be changed freely and various thermal sensation can be rendered using
the same material is possible. Additionally, heat flow between heat sources or fingers can be controlled
by setting sensitivity to disturbance.
Although this dissertation proposed the fundamental theory for the control of heat conduction systems
based on the spatially controlled thermal conductance, there are still some issues which should be solved
to extend the applicability and generality of the proposed method in the future work. As mentioned in
the introduction, the proposed fundamental theory has to be improved theoretically and mechanistically.
First, the proposed method should be applied for modeling that includes both a lumped parameter and
a distributed parameter system. The dissertation discussed both models separately; however, there are
many cases that control object has nonuniformity part. In this case, the spatially controlled thermal
conductance will work well because it is possible to set the sensitivity to a disturbance in each location on
the material by using the SC. In addition, parameter variation of the thermal model should be considered.
The functionality of the thermal interface is expected to improve by applying the proposed method to
such material. Second, the proposed method should extend to a multi-degree-of-freedom system. The
control method proposed in this dissertation is derived from the model of one-dimensional het conduction
and established the fundamental technique of heat conduction system. Besides, the control performance
can be further improved by increasing the number of heat sources of the thermal interface. To expand the
applicable range, multi-dimensional heat conduction should be considered. Moreover, heat dissipation
of the Peltier device has to be fully treated in the experimental setup. In particular, heat dissipation of the
device attached to the wearable interface has to be considered. Finally, the proposed method should be
applied to other control systems. The dissertation focuses on a heat conduction system; however, there
is a possibility to use the proposed method to the different control object. The proposed method derived
from the assumption that heat conduction can be expressed as an RC circuit. Therefore, the proposed
control method can be applied to the material that has characteristics of an RC circuit. Although more
investigation and further development of the theories are needed, the contents of this dissertation are
expected to contribute to developing the technique for supporting humans. The theory discussed in this
dissertation can be expected to help to promote interaction between human and robot.
– 160 –
References
[1] S. Masuyama, T. Noguchi, and A. Kawamura : “Electromagnetic Linear Actuator with Two Stators
and One Rotor for Tactile Display,” IEEJ J. Ind. Appl., vol. 6, no. 2, pp. 160–164, Mar. 2017.
[2] T. Scaletta, S. Komada, and R. Oboe : “Development of a Human Assistive Robot to Support Hip
Joint Movement During Sit-to-stand Using Non-linear Springs,” IEEJ J. Ind. Appl., vol. 5, no. 3,
pp. 261–266, May 2016.
[3] H. Norizuki and Y. Uchimura : “Contact Prediction Control for a Teleoperation System with Time
Delay,” IEEJ J. Ind. Appl., vol. 7, no. 1, pp. 102–108, Jan. 2018.
[4] R. Oboe, R. Antonello, D. Pilastro, and K. Ito : “Use of MEMS Inertial Sensors for Performance
Improvement of Low-cost Motion Control Systems,” IEEJ J. Ind. Appl., vol. 5, no. 2, pp. 78–89,
May 2016.
[5] T. Kitamura, N. Mizukami, H. Mizoguchi, S. Sakaino, and T. Tsuji : “Bilateral Control in the
Vertical Direction Using Functional Electrical Stimulation,” IEEJ J. Ind. Appl., vol. 5, no. 5, pp.
398–404, Oct. 2016.
[6] E. Knoop, M. Ba¨cher, V. Wall, R. Deimel, O. Brock, and P. Beardsley : “Handshakiness: Bench-
marking for Human-Robot Hand Interactions,” Proc. IEEE/RSJ IROS, pp. 4982–4989, Sep. 2017.
[7] R. L. Klatzky : “Haptic Integration of Object Properties,” Journal of Experimental Psychology:
Human Perception and Performance, vol. 15, no. 1, pp. 45–57, Feb. 1989.
[8] B. Hannaford and R. Anderson : “Experimental and Simulation of Hard Contact in Force Reflect-
ing Teleoperation,” Proc. IEEE RA, pp. 584–589, Apr. 1988.
– 161 –
References
[9] S. Tachi and T. Sasaki : “Impedance Controlled Master Slave Manipulation System Part I:Basic
Concept and Application to the System with Time Delay,” Journal of the Robotics Society of Japan,
vol. 8, no. 3, pp. 241–252, Jun. 1990.
[10] S. Katsura, W. Iida, and K. Ohnishi : “Medical Mechatronics-An Application To Haptic Forceps,”
Proc. IFAC, pp. 237–245, Nov. 2005.
[11] S. Susa, T. Shimono, T. Takei, K. Atsuta, N. Shimojima, S. Ozawa, Y. Morikawa, and K. Ohnishi
: “Transmission of Force Sensation by Micro-Macro Bilateral Control with Scaling of Control
Gains,” Proc. IEEE AMC, pp. 532–537, Mar. 2008.
[12] M. H. Jamaluddin, T. Shimono, and N. Motoi : “Force-Based Compliance Controller Utilizing
Visual Information for Motion Navigation in Haptic Bilateral Control System,” IEEJ Trans. Ind.
Applica., vol. 3, no. 3, pp. 227–235, May 2014.
[13] H. I. Son, J. H. Cho, T. Bhattacharjee, H. Jung, and D. Y. Lee : “Analytical and Psychophysical
Comparison of Bilateral Teleoperators for Enhanced Perceptual Performance,” IEEE Trans. Ind.
Electron., vol. 61, no. 11, pp. 6202–6212, Nov. 2014.
[14] T. Nozaki, T. Mizoguchi, and K. Ohnishi : “Motion Expression by Elemental Separation of Haptic
Information,” IEEE Trans. Ind. Electron., vol. 61, no. 11, pp. 6192–6201, Nov. 2014.
[15] S. J. Lederman : “Skin and Touch,” Encyclopedia of Human Biology, pp. 49–61, 1991.
[16] J. C. Stevens and K. K. Choo : “Temperature Sensitivity of the Body Surface Over the Life Span,”
Journal of Somatosensory & Motor Research, vol. 15, no. 1, pp. 13–28, 1998.
[17] K. Sato and T. Maeno : “High-Response Thermal Display Unit using Spatially Distributed Warm
and Cold Stimuli,” IPSJ Interaction, pp. 923–928, 2012.
[18] X. Li, L. Petrini, R. Defrin, P. Madeleine, L. Arendt-Nielsen : “High Resolution Topographical
Mapping of Warm and Cold Sensitivities,” Clinical Neurophysiology, vol. 119, no. 11, pp. 2641–
2646, Nov. 2008.
[19] H. Ho, K. Sato, S. Kuroki, J. Watanabe, T. Maeno, and S. Nishida : “Physical-Perceptual Corre-
spondence for Dynamic Thermal Stimulation,” IEEE Trans. HAPTICS, vol.101, no. 1, pp. 84–93,
Mar. 2017.
– 162 –
References
[20] H. N. Ho and L. A. Jones : “Contribution of Thermal Cues to Material Discrimination and
Localization,” Journal of Perception & Psychophysics, vol. 68, no. 1, pp. 118–128, Mar. 2006.
[21] M. Suzuki : “Difference of Thermal Transmission From Finger to Wood or Other Materials,” Bull.
Gov. For. Exp. Sta., no. 231, pp. 27–44, 1970.
[22] K. Sugai, K. Matsubara, and H. Maekawa : “Effect Contact Temperature of Solid with Different
Material Surface,” SENI GAKKAISHI, vol. 68, no. 9, pp. 233–240, 2012.
[23] I. Darian-Smith and K. O. Johnson : “Thermal Sensibility and Thermoreceptors,” Journal of
Investigative Dermatology, vol. 69, no. 1, pp. 146–153, Jul. 1977.
[24] S. Gallo, G. Rognini, L. Santos-Carreras, T. Vouga, O. Blanke, and H. Bleuler : “Encoded and
Crossmodal Thermal Stimulation through a Fingertip-Sized Haptic Display,” Journal of Frontiers
in Robotics and AI, vol. 2, no. 25, pp. 1–12, Oct. 2015.
[25] K. Sato and T. Maeno: “Presentation of Sudden Temperature Change Using Spatially Divided
Warm and Cool Stimuli,” Haptics: Perception, Devices, Mobility, and Communication, vol. 7282,
pp. 457–468, 2012.
[26] A. Singhal and L. A. Jones : “Space-time Interaction and the Perceived Location of Cold Stimuli,”
Proc. IEEE HAPTICS, pp. 92–97, Apr. 2016.
[27] A. Manasrah, N. Crane, R. Guldiken, and K. B. Reed : “Perceived Cooling Using Asymmetrically-
Applied Hot and Cold Stimuli,” IEEE Trans. HAPTICS, vo. 10, no. 1, pp. 75–83, Mar. 2017.
[28] R. Watanabe, R. Okazaki, and H. Kajimoto “Mutual Referral of Thermal Sensation Between Two
Thermal-Tactile Stimuli,” Proc. IEEE HAPTICS, pp. 299–302, Feb. 2014.
[29] A. D. Craig, M. C. Bushnell “The Thermal Grill Illusion: Unmasking The Burn of Cold Pain,”
Science, vol. 1, pp. 489–495, 1896.
[30] A. D. Craig “How Do You Feel? Interoception : The Sense of the Physiological Condition of the
Body,” Nature Reviews Neuroscience, vol. 3, no. 8, pp. 655–666, Aug. 2002.
[31] T. Nishimura, H. Karasawa, A. Seo, and K. Doi “Temperature Stimulus Duration and Stimu-
lus Onset Asynchrony on the Rate of Occurrence of Apparent Movement: A Study Based on the
Temperature Sense of the Human Palm,” Trans. JSKE, vol. 11, no. 3, pp. 475–481, 2012.
– 163 –
References
[32] S. L. Macknik and S. Martinez-Conde “No Brain No Pain,” Journal of Scientific American Mind,
vol. 24, pp. 19–21, 2013.
[33] M. Deng, A. Inoue, and Y. Tahara : “Experimental Study on Operator Based Nonlinear Temper-
ature Control of An Aluminum Plate Actuated By A Peltier Device,” Proc. SICE Annu. Conf., pp.
1405–1408, Aug. 2008.
[34] M. E. Kiziroglou, S. W. Wright, T. T. Toh, P. D. Mitcheson, T. Becker, and E. M. Yeatman :
“Design and Fabrication of Heat Storage Thermoelectric Harvesting Devices,” IEEE Trans. Ind.
Electron., vol. 61, no. 1, pp. 302–309, Jan. 2014.
[35] F. Felgner, L. Exel, M. Nesarajah, and G. Frey : “Component-Oriented Modeling of Thermoelec-
tric Devices for Energy System Design,” IEEE Trans. Ind. Electron., vol. 61, no. 3, pp. 1301–1310,
Mar. 2014.
[36] M. Chen : “Reconfiguration of Sustainable Thermoelectric Generation Using Wireless Sensor
Network,” IEEE Trans. Ind. Electron., vol. 61, no. 6, pp. 2776–2783, Jun. 2014.
[37] S. C. Bautista, A. Eladawy, A. N. Mohieldin, and E. S. Sinencio : “Boost Converter with Dynamic
Input Impedance Matching for Energy Harvesting with Multi-Array Thermoelectric Generators,”
IEEE Trans. Ind. Electron., vol. 61, no. 10, pp. 5345–5353, Oct. 2014.
[38] G. J. Monkman and P. M. Taylor : “Thermal Tactile Sensing,” IEEE Trans. RA, vol. 9, no. 3, pp.
313–318, Jun. 1993.
[39] M. B. Khoudja, M. Hafez, J. M. Alexandre, J. Benachour, and A. Kheddar : “Thermal Feedback
Model for Virtual Reality,” Proc. IEEE MHS, pp. 153–158, Oct. 2003.
[40] A. Yamamoto, B. Cros, H. Hashimoto, and T. Higuchi : “Thermal Tactile Presentation with On-Site
Parameter Identification of Finger,” Proc. IEEE ISIE, pp. 1365–1370, Jun. 2005.
[41] S. Ino, S. Shimizu, T. Odagawa, M. Sato, M. Takahashi, T. Izumi, and T. Ifukube : “A Tactile
Display for Presenting Quality of Materials By Changing the Temperature of Skin Surface,” Proc.
IEEE RHC, pp. 220–224, Nov. 1993.
– 164 –
References
[42] Y. Iwasaki, H. Horio, and C. Wada : “A Study of Stimulation Presenting Method to Induce
Apparent Movement Based on Perceptive Characteristics for Cold Sensation,” Journal of Life
Support Engineering, vol. 22, no. 4, pp. 160–167, 2010.
[43] M. Guitani, A. Benallegue, and A. Kheddar : “Learning-Based Thermal Rendering in Telepres-
ence,” Lecture Notes in Computer Science, vol. 5024, pp. 820–825, Aug. 2008.
[44] H. Morimitsu and S. Katsura : “Two-Degree-of-Freedom Robust Temperature Control of Peltier
Device Based on Heat Disturbance Observer,” IEEJ J. Ind. Appl., vol. 13, no. 7, pp. 967–973, Feb.
2011.
[45] K. Ohishi, K. Ohnishi, and K. Miyachi : “Torque-Speed Regulation of DC Motor Based on Load
Torque Estimation Method,” Proc. JIEE, Mar. 1983.
[46] M. Nakao, K. Ohnishi, and K. Miyachi : “A Robust Decentralized Joint Control based on Inter-
ference Estimation,” Proc. IEEE RA, pp. 326–331, Mar. 1987.
[47] K. Ohnishi, M. Shibata, and T. Murakami : “Motion Control for Advanced Mechatronics,”
IEEE/ASME Trans. Mechatron., vol. 1, no. 1, pp. 56–67, Mar. 1996.
[48] H. Morimitsu and S. Katsura : “Control of Thermal Conductance of Peltier Device Using Heat
Disturbance Observer,” IEEJ Trans. Ind. Applica., vol. 132, no. 3, pp. 333–339, Mar. 2012.
[49] Y. Osawa , H. Morimitsu, and S. Katsura : “Control of Thermal Conductance with Detection of
Single Contacting Part for Rendering Thermal Sensation,” IEEJ J. Ind. Appl., vol. 5, no. 2, pp.
101–107, Mar. 2016.
[50] A. Drif, J. Cite´rin, and A. Kheddar : “Thermal Bilateral Coupling in Teleoperators,” Proc.
IEEE/RSJ IROS, pp. 1301–1306, Aug. 2005.
[51] M. Guitani and A. Kheddar : “Modeling Identification and Control of Peltier Thermoelectic
Modules for Telepresence,” Journal of Dynamic Systems, Measurement, and Control, vol. 133, no.
3, pp. 1–8, May 2011.
[52] H. Morimitsu and S. Katsura : “Sensorless Control of Heat Inflow to a Thermal Display Using a
Heat Inflow Observer,” IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4288–4297, Jul. 2015.
– 165 –
References
[53] H. Morimitsu and S. Katsura : “An Approach for Heat Flux Sensor-less Heat Inflow Estimation
Based on Distributed Parameter System of Peltier Device,” Proc. IEEE IECON, pp. 4214–4219,
Nov. 2011.
[54] H. Morimitsu and S. Katsura : “Thermal Impedance Control of Peltier Device Based on Distur-
bance Heat Flow Estimation,” Proc. JACC, vol. 54, pp. 114, Nov. 2011.
[55] H. Morimitsu and S. Katsura : “Thermal Bilateral Control for Reproduction of Thermal Contact
Between Remote Places,” Proc. IEEE HAPTICS, pp. 65–70, Mar. 2012.
[56] S. Gallo, L. Cucu, N. Thevenaz, A. Sengul, H. Bleuler : “Design and Control of a Novel Thermo-
tactile Multimodal Display,” Proc. IEEE HAPTICS, pp. 75–81, Feb. 2014.
[57] M. Guiatni, V. Riboulet, C. Duriez, A. Kheddar, and S. Cotin : “A Combined Force and Thermal
Feedback Interface for Minimally Invasive Procedures Simulation,” IEEE/ASME Trans. Mecha-
tron., vol. 18, no. 3, pp. 1170–1181, Jun. 2013.
[58] C. L. Fernando, M. Furukawa, T. Kutrogi, S. Kamuro, K. Sato, K. Minamizawa, and S. Tachi :
“Design of TELESAR V for Transferring Bodily Consciousness in Telexistence,” Proc. IEEE/RSJ
IROS, pp. 5112–5118, Oct. 2012.
[59] J. Wade, T. Bhattacharjee, R. D. Williams, and C. C. Kemp : “A Force and Thermal Sensing Skin
for Robots in Human Environments,” Journal of Robotics and Autonomous Systems, pp. 1–16, Jul.
2017.
[60] D. Prattichizzo, F. Chinello, C. Pacchierotti, and M. Malvezzi : “Towards Wearability in Fingertip
Haptics: A 3-DoF Wearable Device for Cutaneous Force Feedback,” IEEE Trans. HAPTICS, vol.
6, no. 4, pp. 506–516, Oct. 2013.
[61] W. Gao, S. Emaminejad, H. Y. Nyein, S. Challa, K. Chen, A. Peck, H. M. Fahad, H. Ota, H.
Shiraki, D. Kiriya, D. Lien, G. A. Brooks, R. W. Davis, and A. Javey : “Fully Integrated Wearable
Sensor Arrays for Multiplexed in Situ Perspiration Analysis,” Nature, vol. 529, pp. 509–514, Jan.
2016.
[62] W. Honda, S. Harada, T. Arie, S. Akita, and K. Takei : “Printed Wearable Temperature Sensor for
Health Monitoring,” Proc. IEEE IS, pp. 2227–2229, Nov. 2014.
– 166 –
References
[63] A. Uchiyama, T. Hamatani, and T. Higashino : “Estimation of Core Temperature Based on a
Human Thermal Model Using a Wearable Sensor,” Proc. IEEE GCCE, pp. 605–609, Oct. 2015.
[64] T. Yokota, Y. Inouea, Y. Terakawa, J. Reedera, M. Kaltenbrunnera, T. Wared, K. Yange, K.
Mabuchif, T. Murakawag, M. Sekinoa, W. Voitc, T. Sekitania, and T. Someya : “Ultraflexible,
Large-area, Physiological Temperature Sensors for Multipoint Measurements,” Proc. NAS, vol.
112, no. 47, pp. 14533–14538, Sep. 2015.
[65] S. H. Choday, M. S. Lundstrom, and K. Roy : “Prospects of Thin-film Thermoelectric Devices for
Hot-spot Cooling and On-chip Energy Harvesting,” IEEE Trans. Compon. Packag. Technol., vol.
3, no. 12, pp. 2059–2067, Dec. 2013.
[66] S. C. Bautista, A. Eladawy, A. N. Mohieldin, and E. S. Sinencio : “Boost Converter with Dynamic
Input Impedance Matching for Energy Harvesting with Multi-array Thermoelectric Generators,”
IEEE Trans. Ind. Electron., vol. 61, no. 10, pp. 5345–5353, Oct. 2014.
[67] M. Bartkowiak and G. D. Mahan : “Heat and Electricity Transport through Interfaces,” Semicon-
ductors and Semimetals, vol. 70, pp. 245–271, 2001.
[68] K. H. Lee and O. J. Kim : “Analysis on the Cooling Performance of the Thermoelectric Micro-
Cooler,” International Journal of Heat and Mass Transfer, vol. 50, pp. 1982–1992, 2007.
[69] L. W. da Silva and M. Kaviany : “Micro-Thermoelectric Cooler: Interfacial Effect on Thermal and
Electrical Transport,” International Journal of Heat and Mass Transfer, vol. 47, pp. 2417–2435,
2004.
[70] W. Sato and N. Isoshima : “Thermal Network Model-Based Data Assimilation for Estimation
of Temperature Characteristic Coefficients for Peltier Device,” Trans. JSME, vol. 82, no. 844, pp.
207–220, Dec. 2016 (in Japanese).
[71] H.Y. Zhang : “AGeneral Approach in Evaluating and Optimizing Thermoelectric Coolers,” Journal
of Cryogenics, vol. 33, no. 6, pp. 1187–1196, Sep. 2010.
[72] X.C. Xuan, K.C. Ng, C. Yap, and H.T. Chua : “The Maximum Temperature Difference and Polar
Characteristic of Two-Stage Thermoelectric Coolers,” International Journal of Refrigeration, vol.
42, no. 5, pp. 273–278, May 2002.
– 167 –
References
[73] S. Gallo, L. Santos-Carreras, G. Rognini, M. Hara, A. Yamamoto, and T. Higuchi : “Towards
multimodal Haptics for Teleoperation: Design of a Tactile Thermal Display,” Proc. IEEE AMC,
pp. 1–5, Mar. 2012.
[74] S. Wen, G. Zhang, Y. Dan, D. Wang, and M. Deng : “Model Output Following Control for An
Aluminum Plate Cooling Process with a Peltier Device,” Proc. AMS, vol. 11, no. 2, pp. 452–457,
Sep. 2012.
[75] S. Oyobe and Y. Hori : “Attempt of Object Tranfer by Linear Actuator Array - Aiming for Magic
Carpet,” IEEJ Trans. Ind. Applica., vol. 121, no. 12, pp. 1250-1255, Dec. 2001.
[76] A. Israr and I. Poupyrev : “Control Space of Apparent Haptic Motion,” Proc. VRST, Nov. 2016.
[77] A. Israr, Z. Schwemler, J. Mars, and B. Krainer : “VR360HD: A VR360 ° Player with Enhanced
Haptic Feedback,” Proc. IEEE WHC, pp. 457-462, Jun. 2011.
[78] N. Hanamitsu and A. Israr : “Haplug: A Haptic Plug for Dynamic VR Interactions,” Proc. Asia
Haptics, Feb. 2017.
[79] M. Fleischer and K. Kondo : “Slip-Stick Vibration Suppression byModal State Control for Traction
Drive-Trains,” IEEJ Journal of Ind. Applica., vol. 5, no. 1, pp. 1–9, Jan. 2016.
[80] H. Kitamura, S. Sakaino, and T. Tsuji : “Contact Point Calculation on a Haptic Interface Utilizing
Differentiated Force,” IEEJ Journal of Ind. Applica., vol. 6, no. 2, pp. 151–159, May 2017.
[81] M. Zhipeng, W. Jianfeng, L. Jianging, Z. Lianjie, L. Xiaomin, and Y. Yurong : “A Thermal Tactile
Display Device with Multiple Heat Sources,” Proc. IEEE ICEE, pp. 192–195, Aug. 2012.
[82] A. Manasrah, N. Crane, R. Guldiken, and K. B. Reed : “Perceived Cooling Using Asymmetrically-
Applied Hot and Cold Stimuli,” IEEE Trans. HAPTICS, vol. 10, no. 1, pp. 75–83, Mar. 2017.
[83] R. B. Patil and V. Yadava : “Finite Element Analysis of Temperature Distribution in Single
Metallic Powder Layer During Metal Laser Sintering,” International Journal of Machine Tools and
Manufacture, vol. 47, no. 7-8, pp. 1069–1080, Jun. 2007.
[84] S. Das and J. M. F. Moura : “Consensus+Innovations Distributed Kalman Filter With Optimized
Gains,” IEEE Trans. SP, vol. 65, no. 2, pp. 467–481, Jan. 2017.
– 168 –
References
[85] M. Gierczak, P. Markowski, and A. Dziedzic : “Modeling, Simulation and Analysis of Temperature
Distribution in a Heat Sink,” Proc. IEEE ISSE, pp. 122–127, May 2016.
[86] G. Chen, Y. Wang, W. Pi, C. Kan, Y. Fu, C. Shi, T. Li, and J. Li : “Heat Leakage Analysis on
Peltier Current Leads of Different Structures,” IEEE Trans. AS, vol. 26, no. 7, pp. 1–4, Oct. 2016.
[87] P. C. Michael, C. A. Galea, and L. Bromberg : “Cryogenic Current Lead Optimization Using
Peltier Elements and Configurable Cooling,” IEEE Trans. AS, vol. 25, no. 3, pp. 1–5, Jun. 2015.
[88] T. Kagawa : “Heat Transfer Effects on the Frequency Response of a Pneumatic Nozzle Flapper,”
Journal of Dynamic Systems, Measurement, and Control, vol. 107, no. 4, pp. 332-336, Dec. 1985.
[89] L. Frannek, T. Hayasaka, and A. Cetinkaya : “Stochastic Heat Diffusion Modelling with Random
Walks on the Non-Uniformly Gridded Circle,” Proc. AC, pp. 1150–1155, Jun. 2014.
[90] O. Morgul : “Dynamic Boundary Control of a Euler-Bernoulli Beam,” IEEE Trans. AC, vol. 37,
no. 5, pp. 639–642, May 1992.
[91] E. Saito, S. Katsura : “Vibration Control of Two-Mass Resonant System Based on Wave Compen-
sator,” IEEJ Trans. Ind. Applica., vol. 132, no. 4, pp. 473–479, Apr. 2012 (in Japanese).
[92] E. Saito and S. Katsura : “Reaction-Torque-Based Reflected Wave Rejection for Vibration Sup-
pression of Integrated Resonant and Time-Delay System,” Proc. IEEE Mechatron., pp. 665–670,
Mar. 2015.
[93] I. S. Jesus, J. A. T. Machado, and R. S. Barbosa : “Towards the PID  Control of Heat Diffusion
Systems,” Proc. IEEE ISDA, pp. 913–918, Oct. 2007.
[94] G. Ichimasa, K. Okumura, H. Okajima, and N. Matsunaga : “Extended Structure of MEC for
Thermal Process,” Proc. SICE Annu. Conf., pp. 1593–1598, Sep. 2016.
[95] I. S. Jesus and J. A. T. Machado : “Fractional Control of Heat Diffusion Systems,” Nonlinear
Dynamics, vo. 54. no. 3, pp. 263–282, Jan. 2008.
[96] J. Camber, J. Kapusta, and G. Hulko : “Control of Continuous Steel Billet Induction Heater as
Distributed Parameter System,” Proc. PC, pp. 18–21, Jun. 2013.
– 169 –
References
[97] M. Macias and D. Sierociuk : “Fractional Order Calculus for Modeling and Fractional PID Control
of the Heating Process,” Proc. IEEE ICCC, pp. 453–457, May 2012.
[98] C. A. Monje, Y. Chen, B. M. Vinagre, D. Xue, and V. Felu: “Fractional-order Systems and
Controls: Fundamentals and Applications,” Springer Science & Business Media, Sep. 2010.
[99] S. Manabe : “The System Design By the Use of Non-integer Integral and Transport Delay,” Journal
of the Institute of Electrical Engineers of Japan, pp. 1803–1812, 1961 (in Japanese).
[100] J. L. Battaglia, O. Cois, L. Puigsegur, and A. Oustaloup : “Solving An Inverse Heat Conduction
Problem Using a Non-integer Identified Model,” International Journal of Heat and Mass Transfer,
vol. 44, no. 14, pp. 2671–2680, 2001.
[101] Y. Osawa and S. Katsura : “Thermal Propagation Control Using Thermal Diffusion Equation,”
IEEE Trans. Ind. Electron., vol. 65, no. 11, pp. 8809–8817, Nov. 2018.
[102] A. Sarikhani and O. A. Mohammed : “Inter-Turn Fault Detection in PM Synchronous Machines
by Physics-Based Back Electromotive Force Estimation,” IEEE Trans. Ind. Electron., vol. 60, no.
8, pp. 3472–3484, Aug. 2013.
[103] A. A. Hasmasan, C. Busca, R. Teodorescu, L. Helle, and F. Blaabjerg : “Electro-Thermo-
Mechanical Analysis of High-Power Press-Pack Insulated Gate Bipolar Transistors under Various
Mechanical Clamping Conditions,” IEEJ J. Ind. Appl., vol. 3, no. 3, pp. 192–197, May 2014.
[104] M. Sallouma, N. Ghaddara, and K. Ghali : “A New Transient Bioheat Model of the Human Body
and Its Integration to Clothing Models,” International Journal of Thermal Sciences, vol. 46, no. 4,
pp. 371–384, Apl. 2007.
[105] H. Arkin, L. X. Xu, and K. R. Holmes : “Recent Developments in Modeling Heat Transfer in
Blood Perfused Tissues,” IEEE Trans. BE, vol. 41, no. 2, pp. 97–107, Feb. 1994.
[106] C. Huizenga, Z. Hui, and E. Arens : “A Model of Human Physiology and Comfort for Assessing
Complex Thermal Environments,” Building and Environment, vol. 36, no. 6, pp. 691–699, Jul.
2001.
– 170 –
References
[107] L. Hu, A. Gupta, J. P. Gore, and L. X. Xu : “Effect of Forced Convection on the Skin Thermal
Expression of Breast Cancer,” Journal of Biomechanical Engineering, vol. 126, no. 2, pp. 204–211,
May 2004.
[108] D. L. Harris, W. P. Greening, and P. M. Aichroth : “Infrared In The Diagnosis of A Lump In The
Breast,” British Journal of Cancer, vol. 20, no. 4, pp. 710–712, Dec. 1966.
[109] K. Natori and K. Ohnishi : “An Approach to Design of Feedback Systems With Time Delay,”
Proc. IEEE IECON, pp. 1931–1936, Nov. 2005.
[110] Y. Uchimura : “Stability and Stabilization Scheme for Systems with Time Delay,” IEEJ J. Ind.
Appl., vol. 5, no. 4, pp. 321–328, Jul. 2016.
– 171 –
List of Achievements
Journals (As a first author)
[1] Yukiko Osawa, Hidetaka Morimitsu, and Seiichiro Katsura, “Control of Thermal Conductance
with Detection of Single Contacting Part for Rendering Spatial Sensation,” IEEJ Journal of Indus-
try Applications, Vol. 5-D, No. 2, pp. 101–107, March, 2016.
[2] Yukiko Osawa and Seiichiro Katsura, “Sensing of Heat Source in a Deep Layer by Considering
Heat Propagation,” IEEJ Journal of Industry Applications, Vol. 7-D, No. 3, pp. 229–235, May,
2018.
[3] Yukiko Osawa and Seiichiro Katsura, “Thermal Propagation Control Using Thermal Diffusion
Equation,” IEEE Transactions on Industrial Electronics, Vol. 65, No. 11, pp. 8809–8817, Novem-
ber, 2018.
[4] Yukiko Osawa and Seiichiro Katsura, “Variable Heat Disturbance Observer for Control of Peltier
Device,” IEEJ Journal of Industry Applications, Vol. 8, No. 2, 2019 (Accepted).
Journals (As a co-author)
[1] Satoshi Nishimura, Yukiko Osawa, Hiroki Kurumatani, Yuki Nagatsu, Kazumasa Miura, and Sei-
ichiro Katsura, “Simultaneous Presentation of Thermal and Tactile Sensations Using Multilateral
Control under Time Delay,” IEEJ Journal of Industry Applications, Vol. 7, No. 5, September, pp.
378–386, 2018.
International Conference (As the first author)
[1] Yukiko Osawa, Hidetaka Morimitsu, and Seiichiro Katsura, “Control of Thermal Conductance
with Detection of Single Contacting Part for Rendering Spatial Sensation,” Proceedings of the 1st
– 172 –
List of Achievements
IEEJ International Workshop on Sensing, Actuation, and Motion Control, SAMCON’ 15-Nagoya,
March, 2015.
[2] Yukiko Osawa and Seiichiro Katsura, “Rendering Thermal Sensation by Controlling Temperature
with Detection Contacting Points,” Proceedings of the 34th Chinese Control Conference and SICE
Annual Conference 2015, SICE’ 15-Hangzhou, July, 2015.
[3 Yukiko Osawa and Seiichiro Katsura, “Multiple Temperature Control with Detection of Contacting
Points for Rendering Thermal Sensation,” Proceedings of the 41st Annual Conference of the IEEE
Industrial Electronics Society, IECON’ 15-Yokohama, November, 2015.
[4] Yukiko Osawa and Seiichiro Katsura, “Thermal Impedance Control for Rendering Thermal Tech-
nique,” Proceedings of the 41st Annual Conference of the IEEE Industrial Electronics Society,
IECON’ 15-Yokohama, November, 2015.
[5] Yukiko Osawa and Seiichiro Katsura, “Temperature Control Based on Thermal Diffusion Equa-
tion,” Proceedings of the 2016 IEEE International Symposium on Industrial Electronics, ISIE’ 16-
Santa Clara CA, June, 2016.
[6] Yukiko Osawa and Seiichiro Katsura, “Control of Thermal Interface Based on Thermal Diffu-
sion Equation,” Proceedings of the SICE Annual Conference 2016, SICE’ 16-Tsukuba, September,
2016.
[7] Yukiko Osawa and Seiichiro Katsura, “Temperature Control on a Curved Surface for Implement-
ing to Wearable Interfaces,” Proceedings of the 42nd Annual Conference of the IEEE Industrial
Electronics Society, IECON’ 16-Florence, October, 2016.
[8] Yukiko Osawa and Seiichiro Katsura, “Sensing of Heat Source in Deep Layer Considering Heat
Propagation,” Proceedings of the 3rd IEEJ International Workshop on Sensing, Actuation, and
Motion Control, SAMCON’ 17-Nagaoka, March, 2017.
[9] Yukiko Osawa and Seiichiro Katsura, “Control of Heat Propagation Based on Distributed Parame-
ter Model,” Proceedings of the 1st international symposium on applied abstraction and integrated
design, AAID’ 17-Yokohama, March, 2017.
[10] Yukiko Osawa and Seiichiro Katsura, “Sensing of Heat Source in Deep Layer Using Heat Flow,”
Proceedings of the SICE Annual Conference 2017, SICE’ 17-Kanazawa, September, 2017.
[11] Yukiko Osawa and Seiichiro Katsura, “Variable Heat Disturbance Observer for Robust Control of
the Peltier Device,” Proceedings of the 4th IEEJ International Workshop on Sensing, Actuation,
and Motion Control, SAMCON’ 18-Tokyo, March, 2018.
– 173 –
List of Achievements
[12] Yukiko Osawa and Seiichiro Katsura, “Distributed Thermal Conductance Control for Sensing and
Rendering Thermal Sensation on the Palm,” Proceedings of the 15th International Workshop on
Advanced Motion Control, AMC’ 18-Tokyo, March, 2018.
[13] Yukiko Osawa and Seiichiro Katsura, “Wearable Human Interface for Sharing Heat Conduction
between Fingers,” Proceedings of the SICE Annual Conference 2018, SICE’ 18-Nara, September,
2018.
[14] Yukiko Osawa and Seiichiro Katsura, “Wearable Thermal Interface for Sharing Palm Heat Con-
duction,” Proceedings of the 44th Annual Conference of the IEEE Industrial Electronics Society,
IECON’ 18-Washington DC, October, 2018.
[15] Yukiko Osawa and Seiichiro Katsura, “Rendering Thermal Sensation of Fingertip by Using Spatial
Information of Heat Sources,” Proceedings of the 11th IEEE/SICE International Symposium on
System Integrations, SII’ 19-Paris, January, 2019.
International Conference (As the co-author)
[1] Kousei Masumura, Hiroki Kurumatani, Yukiko Osawa, Satoshi Nishimura, and Seiichiro Katsura,
“Cooperative Transfer of Flexible Object by Multi-agent Systems Considering Connection Res-
onance,” Proceedings of the 35th SICE Annual Conference 2016, SICE’ 16-Tsukuba, September,
2016.
[2] Satoshi Nishimura, Yukiko Osawa, Hiroki Kurumatani, Yuki Nagatsu, Kazumasa Miura, and Sei-
ichiro Katsura, “Simultaneous Presentation of Thermal and Tactile Sensations Using Multilateral
Control under Time Delay,” Proceedings of the 1st IEEJ International Workshop on Sensing, Ac-
tuation, and Motion Control, SAMCON’ 17-Nagaoka, March, 2017.
[3] Yuji Kimura, Yukiko Osawa, and Seiichiro Katsura, “Temperature Control Using Multiple Heat
Sources
Considering Thermal Interference,” Proceedings of the 1st IEEJ International Workshop on Sens-
ing, Actuation, and Motion Control, SAMCON’ 17-Nagaoka, March, 2017.
Domestic Conference (As the first author)
[1] Yukiko Osawa and Seiichiro Katsura, “Detection of Touching Location for Presenting of Thermal
Sensation,” Proceedings of the 2014 Annual Meeting, Tokyo, March, 2015 (in Japanese).
– 174 –
List of Achievements
[2] Yukiko Osawa and Seiichiro Katsura, “Thermal Conductance Control of Multiple Points with De-
tecting a Contact of Human Hand,” Proceedings of the IEEJ Technical Meeting on Mechatronics
Control, MEC’15-Tokyo, August, 2015.
[3] Yukiko Osawa and Seiichiro Katsura, “Spatial Heat-Flow Estimation Utilizing Thermal Propa-
gation,” Proceedings of the IEEJ Technical Meeting on Mechatronics Control, MEC’16-Tokyo,
September, 2016.
[4] 大澤友紀子 , 桂 誠一郎, “サーモフィルムによる熱伝搬を考慮した深層熱源センシング,”
Proceedings of the Japan Society for Precision Engineering, JSPE’17-Tokyo, March, 2017.
[5] 大澤友紀子,桂誠一郎, “面状サーマルディスプレイにおける分布熱流制御,” Proceedings of the
2018 Annual Conference of IEEJ Industry Applications Society, Tokyo, March, 2018. (in Japanese)
[6] 大澤友紀子, 桂誠一郎, “Rendering Heat Conduction Based on a Thermal Diffusion Equation,”
Proceedings of the IEEJ Technical Meeting on Mechatronics Control, MEC’18-Tokyo, September,
2018.
Domestic Conference (As the co-author)
[1] 西村聡史,大澤友紀子,車谷大揮,長津裕乙,三浦一将,桂誠一郎 “マルチラテラル遠隔操作を
用いた力覚及び温熱覚情報の同時呈示,”電気学会メカトロニクス制御研究会,MEC’16-Tokyo,
September, 2016.
[2] Kousei Masumura, Hiroki Kurumatani, Satoshi Nishimura, Yukiko Osawa, and Seiichiro Katsura,
“Cooperative Transportation ConsideringMechanical Coupling of Multi-robots System,” Proceed-
ings of the IEEJ Technical Meeting on Mechatronics Control, MEC’16-Tokyo, September, 2016.
Awards
[1] “SAMCON 2015 Best Presentation Award”
Proceedings of the 1st IEEJ International Workshop on Sensing, Actuation,
and Motion Control, SAMCON’15
March 2015
[2] December 4th, 2015
“公益社団法人計測自動制御学会賞 (奨励賞)”
システムコントロールフェア 2015, Tokyo
– 175 –
List of Achievements
[3] June 2nd, 2017
“電気学会電気学術振興賞論文賞”
電気学会
[4] March 8th, 2019
“JSPS Ikushi Prize”
Japan Society for the Promotion of Science
Career
[1] April 2017
Research Fellow (DC1)
The Japan Society for the Promotion of Science
– 176 –
